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Referat 
Das Hauptthema dieser Dissertation ist die Untersuchung der Selbstorganisation organischer 
Moleküle an der Flüssig-Fest-Grenzfläche (LSI). Besondere Betonung liegt auf der Kontrolle der 
Selbstassemblierung durch geeignete Parameter: die Substrattemperatur während der Abscheidung, die 
Konzentration der gelösten Moleküle, und die chemische Natur der gelösten Stoffe und Lösungsmittel. Die 
Untersuchungen wurden unter Verwendung der Rastertunnelmikroskopie (STM) durchgeführt. Der erste 
Schwerpunkt dieser Arbeit ist die systematische Untersuchung der Auswirkung erhöhter Substrattemperatur 
während der Abscheidung aus der Lösung auf die Selbstorganisation komplexer molekularer Architekturen 
an der LSI. Diese Untersuchungen wurden mit dem planaren Molekül Trimesinsäure (TMA), sowie dem nicht-
planaren Molekül  Benzen-1,3,5-triphosphonsäure (BTP) durchgeführt. Es wird gezeigt, dass der 
Polymorphismus der Adsorbatstrukturen von TMA und BTP durch die Substrattemperatur während der 
Abscheidung der Moleküle aus der Lösung für verschiedene Lösungsmitteln unterschiedlicher Polarität, wie 
Phenyloctan, Octansäure und Undecanol, kontrolliert werden kann. Durch die Erhöhung der Temperatur des 
vorgeheiztem Graphitsubstrates kann die spezifische 2D supramolekulare Struktur and die entsprechende 
Packungsdichte der Moleküle in der Adsorbatschicht für jedes der untersuchten Lösungsmittel präzise 
eingestellt werden. Weiterhin wird der Einfluss der Konzentration auf die resultierende Anordnung der TMA 
Moleküle an der LSI durch ein weiteres Experiment abgeschätzt, bei welchem Rühren (von 0 h bis 40 h) der 
Lösungen mit verschiedenen Lösungsmitteln eingesetzt wurde. Diese Ergebnisse zeigen, dass die 
verschiedenen Präparationsmethoden (Erhöhung der Abscheidetemperatur oder Rühren) zu derselben 
Tendenz der Änderung der geordneten Strukturen sowie der Packungsdichte führt, weswegen man 
schlussfolgern kann, dass die Erhöhung der Konzentration an der LSI bei erhöhter Abscheidetemperatur 
ebenso der Hauptgrund für die beobachteten Änderungen ist. Der zweite Schwerpunkt dieser Dissertation ist 
die Untersuchung von chemischen Reaktionen der selbstassemblierenden Moleküle. Eine 
Veresterungsreaktion von TMA mit Undecanol wurde gefunden. Weiterhin wurde, als ein erster Schritt zur 
Untersuchung der Zwillingspolymerisation, die Oligomerisation des Zwillingsmonomers 2,2’-spirobi [4H-
1,3,2-benzo-dioxasiline] (SBS) mit STM an der Grenzfläche zwischen der SBS-Undecanol-Lösung und einer 
Graphitoberfläche untersucht. Erstens wurde durch Ultraschallbehandlung der SBS Lösung in Undecanol für 
verschieden lange Zeiten die Oligomerisation der SBS Monomere ohne einen Katalysator an der LSI 
beobachtet. Zweitens konnte die Oligomerisation auch durch Erhöhung der Substrattemperatur während der 
Abscheidung der Moleküle aus der Lösung initiiert werden. Durch die schrittweise Erhöhung der Temperatur 
des vorgeheizten Substrates konnten mehrere, verschiedene, periodische Anordnungen von Phenol‒Dimeren, 
‒Trimeren, und –Pentameren u.s.w. gefunden werden. Weiterhin wird die Auswirkung der 
Abscheidetemperatur auf die Selbstorganisation an der LSI nur der Lösungsmittelmoleküle aus dem reinen 
Lösungsmittel beschrieben. Dies ist wichtig, da die Undecanol‒Moleküle stets mit den gelösten, in dieser 
Arbeit verwendeten Stoffen (TMA, BTP, SBS) koadsorbieren und lineare Muster bilden. 
 
Schlagwörter: STM, Flüssig-Fest-Grenzfläche, Selbstorganisation, Wasserstoffbrückenbindung, Adsorption, 
Konzentration, Temperatur, Ultraschall, Rühren, Zwillingspolymerisation, Oligomerisation, organische 
Moleküle, Trimesinsäure (TMA), Benzen-1,3,5-triphosphonsäure (BTP), 2,2’-spirobi [4H-1,3,2-benzo-
dioxasiline] (SBS). 
  
 
 
Abstract 
The main aim of this thesis is to study the self-assembly of organic molecules at the liquid-solid 
interface (LSI). Special emphasis is given to controlling the process of self-assembly via suitable parameters 
such as: the substrate temperature during the initial deposition, the concentration of dissolved molecules, or 
the chemical nature of solutes and solvents. The investigations are performed using scanning tunneling 
microscopy (STM). The first focus of this work is the systematic investigation of the effect of the substrate 
temperature during the deposition out of the solution on the self-assembly of complex molecular architectures 
at the LSI. These investigations have been done with the planar molecule trimesic acid (TMA), and the non-
planar molecule benzene 1,3,5-triphosphonic acid (BTP). We show that the polymorphism of the adsorbate 
structures of TMA (also with BTP) can be controlled by the substrate temperature during the deposition of the 
molecules out of the solution for various solvents of different polarity such as phenyloctane, octanoic acid, 
and undecanol. By increasing the temperature of the pre-heated graphite substrate, the specific 2D 
supramolecular structure and the corresponding packing density in the adsorbate layer can be precisely tuned 
for each kind of the solvents studied. Furthermore, the influence of the concentration on the resulting self-
assembly of TMA molecules at the LSI is estimated by another experiment using stirring (from 0 h to 40 h) 
of the solutions of different kinds of solvents. These results demonstrate that choosing different preparation 
methods (increasing deposition temperatures or stirring) lead to the same tendency in the change of the self-
assembled structures as well as the tuning of the packing density from which it can also be concluded that the 
increase of the concentration at increased deposition temperatures is also the main reason for the observed 
changes. The second focus of this work is the investigation of chemical reactions of self-assembling molecules. 
The esterification of TMA with undecanol was observed. Moreover as a first step to study twin polymerization, 
the oligomerization of the twin monomer 2,2’-spirobi [4H-1,3,2-benzo-dioxasiline] (SBS) was investigated 
by STM at the SBS-undecanol solution/graphite interface. Firstly, by ultrasonicating the solution of SBS in 
undecanol for different times the oligomerization of SBS monomer without any catalyst has been observed at 
the LSI. Secondly, the oligomerization of SBS monomer can also be initiated by the substrate temperature 
during the deposition of the molecules out of the solution. By stepwise increasing the temperature of the pre-
heated substrate, various periodic assemblies of phenolic dimer, trimer, pentamer resin, and so on were 
observed. Furthermore, the effect of deposition temperature on the self-assembly of solely solvent molecules 
from the pure liquid at the LSI is described, which is important because the undecanol solvent molecules are 
always co-adsorbed with the solutes used in this work (TMA, BTP, SBS) to form linear patterns.  
 
Keywords: STM, Liquid-solid interface, self-assembly, H‒bonding, adsorption, concentration, temperature, 
ultrasonication, stirring, twin polymer, oligomerization, organic molecule, trimesic acid (TMA), benzene 
1,3,5-triphosphonic acid (BTP), 2,2’-spirobi [4H-1,3,2-benzo-dioxasiline] (SBS). 
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CHAPTER 1: INTRODUCTION 
 
Nearly 50 years since the term "nano-technology" was first used by Norio Taniguchi, 
nanoscale-structured materials have become a tremendously developing field at the interface 
between physics, chemistry and materials science with a huge potential for applications. New 
insights and inventions in this field are assumed to be able to solve current challenges such as 
medical issues, e.g. drug delivery and diagnostics, energy issues, e.g. energy harvesting, conversion 
and storage, power consumption reduction, as well as filter to clean water, and communication, e.g. 
molecular electronics 1‒6. Nevertheless, nanotechnology has to be fully understood in order to 
develop, construct, and improve devices for such applications. 
One of the most challenging issues in nanotechnology is the design and fabrication of arrays 
of functional nanostructures with controlled size and shape, precisely positioned on a substrate of 
choice. “Top-down” and “bottom-up” are two general ways to produce nanomaterials. The top-down 
approach is based on building the fundamental units of electronic devices by cutting the materials 
down to micrometer or nanometer dimensions by means of mechanical, chemical, or other methods. 
The major problems with the top-down method are imperfections of the surface, which become more 
and more important when the smaller the feature size becomes. Moreover, the size of the structures 
is limited by the lithography methods and significant crystallographic damage and change of the 
properties can occur due to the patterning process. In the opposite way, the bottom-up approach, 
nanometer-sized functional structures are constructed from small building blocks. This approach is 
based on the concept of organic self-assembly or inorganic self-organization of atoms or molecules 
on well-defined technological relevant surfaces. In a typical self-assembly process, non-covalent 
interactions, such as hydrogen bonds, drive the formation of ordered, well-defined structures, 
without further need of manual construction into highly complex architectures. Self-assembly of 
molecular structures is a natural phenomenon that can be observed in many biological, chemical, 
and physical processes such as: in the formation of membranes from lipid molecules, or the living 
cell as probably the most important paradigm. Self-assembly, in a general sense, might be defined 
as the spontaneous formation of complex hierarchical structures from pre-designed building blocks, 
typically involving multiple energy scales and multiple degrees of freedom 7‒9. 
In crystal engineering, supramolecular chemists exploit the various non-covalent interactions 
to organize molecules into a desired crystal lattice. Each molecule serves as a unique building block 
that can be functionalized by chemical synthesis, which makes it possible to control and tune the 
properties of the supramolecular structure. Big advantages compared to the top-down route, is that 
the organic molecules are much smaller than the smallest structures fabricated nowadays by 
lithography techniques, they can be produced in vast amounts with only a small number of defects 
and even self-healing capabilities. The bottom-up approach is emerging as a truly promising method 
for the controlled growth and processing of nanostructured materials, and is widely believed to be 
the next step in the miniaturization process1, 6, 7. 
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Figure 1.1  Schematic representation of the “toolbox” of reversible non-covalent interactions that 
is composed of hydrogen-bonding, electrostatic interactions, π-π interactions, van der 
Waals interactions, metal-metal bonding, and coordination bonding. This "toolbox" can 
be used to build up one-dimensional (1D), two-dimensional (2D) and three-
dimensional (3D) self-assembled structures (image from ref. 14). 
The understanding of the geometrical and electronic structure of molecular assemblies is a 
prerequisite for their controlled formation, usage as templates or the continuing growth of 3-
dimensionally ordered few-layer systems starting from the monolayer. Although in solution and the 
bulk state chemists have developed highly sophisticated methods, it turns out that it is difficult to 
transfer these principles to surfaces, where the motional degree of freedom is limited to two 
dimensions and interactions with the substrate influence the system. Therefore, a good 
understanding of the self-assembly process on surfaces is a key for building technologically relevant, 
functional devices via the bottom-up approach. Scanning tunneling microscopy (STM) is one of the 
preferred techniques to investigate the ordering, the properties, and the dynamics of self-assembled 
monolayers, not only under ultrahigh vacuum conditions (UHV) but also at the liquid-solid interface 
(LSI). Since the invention of the STM in 1982 by Binnig and Rohrer, there has been a great 
development to improve the instruments and adapt them to different experimental environments. 
Today STM is not only a tool to take images at a nanometer scale, but also it is a powerful method 
to investigate self-assembly at the LSI where it provides insight into the ordering, dynamics, 
reactivity, and electronic properties of adsorbates. Moreover, it can also be utilized as a tool for 
manipulation of matter on an atom by atom basis 9‒13.  
The research effort is focusing intensively on the control of the arrangement of organic 
molecules on surfaces in view of developing novel nanostructured functional materials. The two-
dimensional (2D) or three-dimensional (3D) self-assembly of appropriate molecular building blocks, 
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which is governed by the interactions between predesigned molecules and between the molecules 
and the substrate (Figure 1.1), is a successful strategy which has recently led to a variety of periodic 
patterns 14. The 2D or 3D crystal engineering of organic molecular architectures deposited out of 
solution on atomically flat surfaces at the LSI requires the control of three main types of parameters 
related, respectively, to the substrate parameters, the chemical nature of the molecules (such as 
functionality, polarity) and the environmental conditions (such as the concentration of the solution 
which can be influenced by ultra-sonication or stirring processes). 
The main aim of the current thesis is to study the self-assembly of organic molecules at the 
LSI. Special emphasis is given to control the process of self-assembly by suitable parameters such 
as: the substrate temperature during the initial deposition, the concentration of dissolved molecules 
or the chemical nature of solutes and solvents. The investigations are performed using STM. 
This thesis is organized as follows: 
 Chapter 1: A short introduction to the prospect of nanotechnology, advantages of self- 
assembly to organic nanomaterial, as well as the outline of thesis. 
 Chapter 2: The introduction to the employed experimental techniques: The general principle 
of the STM, STM working at the liquid-solid interface, the important properties of solutes 
and solvents, interactions between them which could affect their self-assembly at the LSI, 
relevant basics of kinetics and thermodynamics, and the controlled parameters of the 
experimental conditions (deposition temperature, concentration, chemical nature of solutes 
and solvents) will be explained in this chapter. 
 Chapter 3: A brief description of the molecules and solvents involved in the experiments, 
the tips and the substrates used for the STM experiments and their preparation, the methods 
to prepare the samples and set up experiments, and computational details for the simulation 
of molecular structures will be given. 
 Chapter 4: This chapter is devoted to the study of the effect of deposition temperature on 2D 
supramolecular assemblies of trimesic acid (TMA) at the LSI in different solvents 
(phenyloctane, octanoic acid, undecanol). 
 Chapter 5: The role of concentration on the self-assembly of TMA at the LSI influenced by 
stirring in different solvents (phenyloctane, octanoic acid, undecanol). The results of this 
chapter will demonstrate that choosing different preparation methods (increasing deposition 
temperatures or stirring) to increase the concentration lead to the same tendency in the change 
of the self-assembled structures as well as the tuning of the packing density. These solutions 
are further investigated using UV-vis spectroscopy to quantitatively determine their 
concentration. 
 Chapter 6: Role of the deposition temperature on the self-assembly of non-planar 1.3.5-
triphosphonic acid (BTP) molecules at the LSI in the undecanol solvent. 
 Chapter 7: Role of deposition temperature on the self-assembly of the undecanol solvent at 
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the LSI. It was found that the undecanol solvent molecules co-adsorbed with the solutes 
(TMA; BTP; SBS) to form the linear pattern. Therefore, the independent investigated of only 
the undecanol solvent under the effect of deposition temperature is important to interpret the 
results.  
 Chapter 8: A first step to study twin polymerization: The self-assembly of the twin monomer 
2,2’-spirobi[4H-1,3,2-benzo-dioxasiline](SBS) at the LSI influenced by sonication and by the 
temperature of the substrate during initial deposition. These investigations are very important 
for a better understanding of the complex twin-polymerization in general as well as for such 
a kind of polymerization at the LSI.  
 Chapter 9: Summary and outlook. 
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CHAPTER 2: BASIC PRINCIPLES 
 
2.1 Principles of scanning tunneling microscopy (STM) 
2.1.1 General working principle 
The invention of STM in the year 1982 by G. Binning and H. Rohrer started a revolution in 
the field of microscopy, where one has for the first time an opportunity to observe surface structures, 
physical and chemical processes at the atomic/molecular scale in real space 1‒3. Later on in 1986, 
the development of STM earned its inventors the Nobel Prize in physics. Nowadays, STM is a 
powerful and versatile method used extensively to probe surfaces. The functional principle is based 
on the quantum mechanical tunneling effect, which states that electrons can pass potential barriers 
which they would not be allowed to pass by classical mechanics. The tunneling effect can be 
understood by the wave-like properties of particles, as described in quantum mechanics. 
 
Figure 2.1: Operation principle of a STM. 
A sketch of the basic working principle of STM is presented in Figure 2.1. To operate an 
STM, a very sharp metal tip (e.g., platinum iridium Pt/Ir (90%/10%), or tungsten W) is brought very 
close to an electrically conducting substrate until no more than a few atomic diameters separate both. 
A small bias voltage (typically mV to a few V) is applied between tip and surface, generating a 
tunneling current of electrons flowing from the tip to the substrate, or vice versa, depending on the 
bias polarity. The resulting tunneling current depends exponentially on the tip–sample distance and 
is used for exact distance control. In a simplified form, the dependence of the tunneling current I 
from the distance d is given by: 
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   𝐼 ∝ 𝑒
−2𝑑√
2𝑚Ф
ћ2       (2.1) 
Where m is the electron mass, Φ the work function (= barrier height), ħ = h/2π with h being 
Planck’s constant, and d the width of the tunneling barrier (Figure 2.2).  
Figure 2.2 Schematic illustration of tunneling process. The tip-sample distance is d and a voltage 
V is applied between tip and sample. Φt and Φs are the work functions of tip and sample, 
respectively. An electron can elastically tunnel from tip electronic state Eµ into a sample 
electronic state Ev 
The exponential dependence of the tunnelling current on the tip-to-sample distance is the key 
for the high spatial resolution achieved with STM. Decreasing the distance by only 1Å typically 
leads to an increase of one order of the magnitude in the tunnelling current. Under optimum 
conditions, a vertical resolution of a few pm and a lateral resolution of about 1Å can be achieved. 
The accurate relative x,y,z positioning of the tip relative to the sample is achieved via a piezoelectric 
tube scanner. The tunneling current is amplified by a current amplifier, and can be compared with a 
reference value and the difference is then amplified again to drive the piezoelectric scanner in the z-
axis in order to control the distance between tip and sample. Depending on the polarity of the voltage 
between tip and sample, tunneling occurs either from the tip to the surface into unoccupied states or 
from the sample’s occupied states into the tip. The tunneling current depends on the local electron 
density of states at the substrate surface during scanning and gives both structural and electronic 
information with atomic-scale resolution. Therefore, molecular assemblies on surfaces can be 
visualized in real space with very high resolution. The imaging is non-destructive since a tip does 
not touch a surface during the data acquisition. Noise in the STM is mainly induced by mechanical 
vibrations or electrical perturbations. Vibrational noise occurs if the position of the tip is not stable 
in respect to the sample due to oscillations. The tip-sample distance has to be very stable because 
even small vibrations result in large noise in the image due to the exponential distance-dependence 
of the tunneling current. Therefore, a good isolation from vibrations is necessary for high quality 
imaging. Vibrations of the environment and the building are usually in the low frequency range of 
0−10 Hz, which can be isolated, e.g. by air springs. Furthermore, the STM system should have a 
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high resonance frequency and a rigid design to avoid low frequency vibrations. Vibrations in the 
range of f > 50 Hz can be effectively reduced by viton damping elements. 
2.1.2 Tunneling effect 
The basic concept of the quantum mechanical tunneling phenomena, which is the basis for 
the working principle of STM, is discussed in the following. According to classical mechanics, the 
motion of an electron (particle) with mass m and energy E in a one-dimensional potential barrier 
U(z) is described using the conservation of energy as 
    
𝑝𝑧
2
2𝑚
+ 𝑈(𝑧) =  𝐸     (2.2) 
If E > U(z), then the electron moves with non-zero momentum p
z
 and if the electron enters a 
region with E < U(z), it cannot penetrate and, its appearance in this region is classically forbidden. 
In quantum mechanics, the electron is considered as a wave and can be described with a wave 
function Ψ(z). The wave function of the electron can be calculated from Schrödinger’s equation 
    (−
ℏ2
2𝑚
𝑑2
𝑑𝑧2
+ 𝑈(𝑧)) 𝛹(𝑧) = 𝐸𝛹(𝑧).   (2.3) 
In the classically allowed region, E > U(z), equation (2.3) has the solutions   
  
    𝛹(𝑧) = 𝛹(0)𝑒±𝑖𝑘𝑥,      (2.4) 
with the wave vector  𝑘 =
√2𝑚(𝐸−𝑈)
ℏ
. 
In the classically forbidden region, E < U(z), the solution of equation (2.3) is  
    𝛹(𝑧) = 𝛹(0)𝑒−𝜅𝑧,     (2.5) 
with the decay constant 𝜅 =
√2𝑚(𝑈−𝐸)
ℏ
. 
Equation (2.5) describes the exponential decay of the electron wave function in positive z 
direction inside the potential barrier. Moreover, this shows that the electron has a non-zero 
probability to be found in the classically forbidden region with a probability proportional to 
|𝛹(0)|2𝑒−2𝜅𝑧. 
2.1.3 Theory of STM 
The principle of the STM is based on the quantum-mechanical effect of electron tunneling. In 
STM, this process occurs between two materials which are separated by a gap. Consequently, for 
electronic states at the Fermi level, the surface represents a potential barrier whose height is equal 
to the work function. Since electron tunneling occurs from occupied or into unoccupied electronic 
states, the complex electronic structures of the sample surface and the tip near the Fermi energy play 
obviously a major role for the tunneling current. 
In order to explain the STM operation and the measured STM images, Tersoff and Hamann 
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developed in 1983 the first theoretical model for the three-dimensional tunneling process by using 
first-order perturbation theory, which is still considered to be the standard today 4. Although the 
theoretical descriptions of the tunneling in STM are usually based on several simplifying 
assumptions, and therefore seems not to be valid for all experimental conditions, they can be used 
to derive some fundamental statements. The specific approach of Tersoff and Hamann had the 
advantage of describing the many-particle nature of the tunnel junction. By summation over all states 
within a given energy interval eV from the Fermi level, the tunneling current I is given by the 
following expression (Bardeen’s formalism) 5. 
𝐼 =
2𝜋|𝑒|
ћ
∑ 𝑓(𝐸𝑣)[𝜇,𝜈 1 − 𝑓(𝐸𝑣 + 𝑒𝑉)]|𝑀𝜇𝜈|
2𝛿(𝐸𝜇 − 𝐸𝑣)   (2.2) 
Where f(E) is the Fermi function, V is the applied voltage, 𝑀𝜇𝜈 is the tunneling matrix element 
between states Ψµ of the probe and Ψv of the surface, Eµ is the energy of state Ψµ in the absence of 
tunneling. The delta function ensures that only elastic tunneling processes are taken into account 
with Ev = Eµ. Since most experiments take place at room temperature or below, the Fermi functions 
are approximated by their zero-temperature limit, i.e. step functions. In the limit of small voltages 
this expression then further simplifies to 
𝐼 =
2𝜋
ћ
𝑒2𝑉 ∑ |𝑀𝜇𝑣𝜇,𝜈 |
2𝛿(𝐸𝜇 − 𝐸𝐹)𝛿(𝐸𝜈 −  𝐸F)    (2.3) 
Bardeen has shown, that under certain assumptions the matrix element in (2.3) can be 
evaluated using the following equation 5: 
𝑀𝜇𝜈 =  
ћ2
2𝑚
∫ 𝑑𝑆 • (𝛹𝜇
∗∇𝛹𝜈 −  𝛹𝜈∇𝛹𝜇
∗)     (2.4) 
where the integral is to be taken over any surface lying entirely within the vacuum (barrier) 
region separating the two sides. In general, the wave functions of the tip are not known. The ideal 
STM tip would consist of a mathematical point source of current at the position 𝑟T. In that case, 
equation (2.3) for the current would reduce to 
𝐼 ∝  ∑ |𝛹𝜈(𝑟𝑇𝜈 )|
2𝛿(𝐸𝜈 − 𝐸F) ≡  𝜌𝑆(𝑟𝑇 , 𝐸F)    (2.5) 
Thus, the tunneling current in the ideal STM restricted to low voltages and temperature is 
directly dependent on 𝜌𝑆(𝑟𝑇 , 𝐸F), the local density of states (LDOS) of the sample surface at EF at 
the position of the probe. This model gives a relatively simple interpretation of the measured 
tunneling current without taking the tip into account. Despite its simplicity, this approach is still 
used as a zero order model for explanation of STM image contrast. 
Tersoff and Hamann applied Bardeen´s formula to STM assuming that the tip wave function 
is of s-orbital character. Thus the following expression for the tunneling current I in the limit of zero 
temperature and very low bias was found 6: 
𝐼 = 32𝜋3ℏ−1𝑒2𝑉Φ2𝜌t(𝐸F)R
2𝜅−4e2𝜅𝑅𝜌s(𝑟𝑇 , 𝐸F),    (2.6) 
where 𝜌t is the local density of states per volume of the probe tip, 𝜌s is the local density of states per 
volume of the sample, R is the radius of the spherical tip, 𝜅 =  √2𝑚Ф ћ⁄ , and Φ is the average work 
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function. It should be noted that this approach was not intended to accurately describe a real tip, but 
to find a way to calculate the effect of a finite tip size. The Tersoff‒Hamann model can be improved 
by taking into account different wave functions for the tip, especially because experimentally 
tungsten or platinum iridium tips with atomic d states are used as STM probes. The approximation 
of the metallic tip with a more localized 𝑑𝑧2 wave function was also found to be necessary to explain 
the achieved atomic contrast on metal surfaces. 7 Obviously, it is challenging to interpret STM 
images because of all the factors that contribute to the tunneling current. Moreover, the apparent 
height z(x,y) in the STM micrographs can either be understood in terms of topography and/or 
electronic effects of the substrate and the adsorbate on the latter. 
2.1.4 Contrast mechanism of molecular adsorbates 
In the past, STM measurements have mostly been performed to analyze flat metal and 
semiconductor surfaces. Meanwhile, STM has become a well-established tool for imaging a variety 
of organic molecular adsorbates. The contrast mechanism of adsorbed molecules was both 
interpreted in terms of molecular orbital-mediated electron transport 8, and by an adsorbate induced 
change of the local work function 9. 
The individual molecular appearance can often be interpreted as the spatial distribution of the 
electron density in the frontier molecular orbitals of the adsorbate. An additional contribution to the 
tunneling current occurs if the bias voltage is chosen so that the energy of the tunneling electron 
equals the energy of a molecular orbital of the adsorbed molecule relative to the Fermi energy. 
Thereby, a tunneling channel through the respective orbital is opened, which results in an increase 
of the tunneling current. This is often referred to as resonant or orbital mediated tunneling. For 
example by applying a positive bias voltage, electrons can tunnel from occupied states of the tip into 
unoccupied states of the sample. While varying the voltage, at an appropriate bias voltage, orbital-
mediated tunneling through the lowest unoccupied molecular orbital becomes possible, which leads 
to a sudden increase of the tunneling current. 
It has been shown by Spong et al. 9 that different functional groups attached to the same 
aromatic core can be distinguished with STM. The contrast could not be interpreted by resonant 
tunneling because in the case of weak adsorption the molecular levels are too far from the Fermi 
level and the bias voltage is too low to access them in STM. It was proposed that the observation of 
the molecular contrast was related to the modulation of the local work function of the substrate, 
induced by the adsorbate. The magnitude of the tunneling current is sensitive both to changes in the 
local work function and the distance; consequently changes of material and topography can be 
detected. When exposed to the electric field inside the tunneling barrier, a polarizable molecule or 
part of it modifies the work function and in turn changes the barrier height Φ: 
Φ =  𝜙 − 𝑒𝑝/𝜀0,    (2.7) 
whereby 𝜙 refers to the local barrier height of a clean surface,𝑝 the dipole moment density of 
the adsorbed species, e the electronic charge, and 𝜀0the permittivity of free space. The dipole 
moment of the adsorbed species can both be permanent, 𝑝P or induced 𝑝I by an electric field E 
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through its polarizability α: 
    𝑝 = 𝑝P − 𝑝I(𝛼, 𝐸)    (2.8) 
It was shown, that the alkyl tails of a molecule that is adsorbed on highly oriented pyrolytic 
graphite appears dimmer than the aromatic center in constant current images. 9 This observation was 
proposed to be due to lower polarizability and consequently less modification of the local work 
function of the aromatic entity. Therefore, if the applied bias voltage lies well inside the 
HOMO−LUMO gap of physisorbed molecules, the observed STM images could be interpreted in 
terms of the local variation of the work function Φ, modified by thepermanent and/or the induced 
dipole moment of the molecular adsorbates. 
2.1.5 Modes of STM operation 
The STM can be operated in two different modes, namely constant current or constant height. 
In the first mode, the tip scans a surface at constant tunneling current.  
Constant-current mode 
In the original first and most often used mode, STM uses a feedback loop that enables the 
tunneling current to be constant by adjusting the height of the scanner at each point of the surface 
during measurement as is shown in Figure 2.3a. The variation in geometric height and variation in 
electronic structure are responsible for a change in the tunneling current. While scanning the actual 
current is continuously measured and compared to the set current, and the feedback loop in the 
electronic circuit leads to a retraction or approach of the tip with respect to the sample whenever the 
current exceeds or falls below its set point, respectively. The height adjustment of the tip (Z-signal) 
reflects then the local electronic and geometric properties of surface.  
Constant-height mode 
In this mode the tunneling current is monitored as the tip is scanned across the surface. The 
absolute Z-position (height) of the tip (not the distance between the tip and sample surface) is kept 
constant as is shown in Figure 2.3b. The feed-back loop is often not turned off completely but set to 
slow reaction to avoid crashing of the tip because the sample surface is in reality typically slightly 
inclined relative the xy‒plane of the scanner movement. The variation of the tunneling current is 
used directly to obtain the STM image which contains both the local electronic properties and the 
topography of the surface. However now, the signal depends in a nonlinear manner (and not linear 
as in the constant-current mode) on the topography and local electronic structure. 
Each mode has advantages and disadvantages. The constant-current mode can measure very 
rough surfaces, but the image acquisition takes more time. Practically, the feedback loop has a finite 
relaxation time, and the lateral resolution that is achieved also depends on the settings of the 
feedback loop. If the feedback loop reacts too slowly, then the tip cannot follow all small details of 
the surface. This can be seen especially when the tip moves down over steps of the substrate, which 
then are not imaged sharply but show a slope. On the other hand, a fast feedback loop (or with a 
high Z response) leads to a vibration of the tip which is seen as additional noise in the image. The 
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constant-height mode has the lowest noise level and is faster than the system does not have to adjust 
the scanner position up or down, however this makes the constant-height mode only applicable on 
flat surfaces and relatively small scan areas. The speed of the constant-height mode is the most 
useful to achieve a stable image of molecules with high mobility, which is often the case at room 
temperature and the LSI. Moreover, this mode can also be used to investigate the diffusion of 
molecules and monitor chemical processes in the typical time scale of scanning. 
 
Figure 2.3    Sketch of the STM imaging modes: (a) constant current mode and (b) constant height 
mode. In the constant current mode, the tip-surface distance is adjusted by the feedback 
loop while the tunneling current is fixed. In the constant height imaging mode, the 
tunneling current is measured while the absolute tip height is kept constant during 
scanning.  
2.2 STM at the liquid-solid interface (LSI) 
Several different set-ups were developed in order to study adsorbed molecules on conductive 
substrates in different environments with STM: under ultra-high vacuum (UHV), under atmospheric 
conditions at room temperature by imaging the dry films, set-ups which provide electrochemical 
control of the investigated materials, or at the LSI. The LSI has attracted the attention of scientists 
from various fields, such as chemists, metallurgists, biologists, physicists and engineers because of 
its surface constitution, surface-structure sensitive properties and the great variety of phenomena 
occurring at the LSI. The LSI provides a particularly interesting environment to carry out 
experiments of the adsorption and self-assembly of organic molecules and their investigation by 
STM 10‒13.With the help of STM, we can directly observe the atomic and molecular structures at the 
LSI sometimes even with atomic resolution in real space. Thus, LSI-STM is an exceptional tool for 
visualization at the atomic level, and it can also be used as a manipulating tool in the molecular 
engineering and nanoscience. 
Compared to the sample preparation and STM imaging under UHV conditions, the LSI has 
its own unique advantages 13‒15:  
 The experimental approach is straightforward and simple, and does not require a complicated 
or expensive infrastructure as for UHV. 
 The dynamic exchange of molecules adsorbed on the surface and the one in the liquid phase 
promote self-healing of defects in the self-assembled layers. 
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 The LSI provides an excellent environment for in-situ chemical modifications of adsorbed 
molecules. When working at the LSI, it is possible to trace the changes in the monolayers 
structure, upon addition of external chemical stimuli, e.g. acidification or coordination of 
organic molecules to metal ions. 
 Many organic (biological) macromolecules cannot be sublimated under UHV conditions 
because they are too big or fragile, and almost all enzymes decompose at high temperature; 
thus, the LSI provides the possibility for the self-assembly of such organic macromolecules.  
 The richness of possible solvents is a remarkable benefit for the STM at the LSI, which makes 
it possible to tune the assembling structure by adjusting the properties of solvents.  
On the other hand, measuring at the LSI has also a few disadvantages, such as: 
 High mobility of the solute and solvent makes stable imaging difficult, and cooling of the 
sample to low temperature to reduce the mobility of the molecules, noise level, and thermal 
drift is not feasible. 
 It is very difficult and time demanding to obtain good and stable images at the LSI, especially 
with the Burleigh Instructional STM that was used for this thesis due to the relatively bad 
vibration isolation and the old electronics. 
 A new sample has to be prepared for each new STM measurement. On the other hand, this is 
good for checking the reproducibility of the results.  
 
Figure 2.4  Scheme of the sample preparation for the STM experiment at the solid-liquid interface 
where the STM tip is immersed in the droplet of the solution deposited on the substrate 
surface (graphite). 
In all of our LSI-STM experiments, a droplet of solution that contains the solute molecules 
dissolved in a proper solvent is deposited onto a substrate surface. To investigate the interfacial 
monolayer between the substrate and the liquid phase above, the STM tip is immersed into the 
droplet solution as illustrated in Figure 2.4. To achieve submolecular resolution inside the liquid it 
has to be assured that the total current between probe and sample is carried by the foremost part of 
the tip only (ideally the foremost atom of the tip). This would not be the case for conductive liquids, 
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where even small Faraday currents would easily exceed the tunneling current, so one has to either 
use solvents with nearly zero electrical conductance at the applied voltages, or insulated tip shafts. 
 
2.3 Thermodynamics and kinetics 
Well-ordered structures of organic molecules at the LSI are generally defined by adsorbate–
substrate and adsorbate–adsorbate interactions in the adlayer. Furthermore there are various 
intermolecular interactions within the solution and between the solution and the adlayer. For the 
description of the complex self-assembly process, also parameters such as temperature, entropy, or 
chemical potentials have to be included. Moreover, kinetic factors influence the formation of 
supramolecular adlayers. Several studies showed that kinetically stabilized structures can be formed, 
which transform into a thermodynamically stable phase over time 16. Unfortunately, there is very 
little known quantitatively about kinetics and thermodynamics at the solution–solid interface, and 
only somewhat more is known qualitatively. Thus, a rapidly advancing frontier is the qualitative and 
quantitative understanding of the relative roles of kinetics and thermodynamics at the LSI, which is 
essential to achieving the goal of predicting surface structures and their chemical and electronic 
properties. 
 
Figure 2.5 Born–Haber cycle diagram depicting the various thermodynamic relationships for the 
case of the enthalpy. Solution is abbreviated as sol. Adapted from Ref. 17. 
Polymorphism, which is the formation of several distinct crystalline adsorbate structures, is 
one facet of 2D molecular self-assembly that is still not understood in detail, although many 
parameters have been identified that can be used to control and switch between different 
polymorphs. Two factors are important for molecular self-assembly: the relative thermodynamic 
stability of different polymorphs which can form on the surface, and the kinetic barriers associated 
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with the formation of each polymorph. To understand the molecular behavior on the surface 
including individual molecular motion and self-assembly, the phase equilibrium at the LSI must be 
considered. A surface adsorption version of the Born–Haber cycle, shown in Figure 2.5, is helping 
to extract the thermodynamic variables of the states associated with equilibrium structures 17. A 
highly desirable goal is to determine all the rate constants and thermodynamic variables associated 
with each step in the process of forming the ordered adlayer. To achieve this, detailed knowledge of 
the solvation of the solute, the solute–solute interactions (both in solution and on the surface), 
solute–surface interaction, solvent–surface interaction (with both the substrate and the newly formed 
adlayer), as well as the role of any inhomogeneities on the surface (e.g. defects, step edges, 
reconstructions) is necessary. So far, only a very few systems, especially with polymorphic phases, 
have been analyzed in respect to these variables, and for no system do we currently have all of these 
parameters, or do we even surely know if the structure observed is in thermodynamic equilibrium 
with the solvent 18‒19.Nevertheless, the study of kinetics and thermodynamics for organic self-
assembly at the solution–solid interface is experiencing very exciting and rapid growth. 
2.3.1 Equilibrium of the adsorption/desorption and initial agglomeration at the LSI 
 
Figure 2.6 Schematic model of molecular self-assembly at the liquid/solid interface. Molecules 
are deposited from solution and adsorb onto the substrate surface, but also can desorb 
and solvate again. The number of adsorbing molecules is balanced by the number of 
desorbing molecules in equilibrium, which depends on the strength of the molecule–
substrate interaction and the nature of the solution. The molecules can diffuse until they 
encounter another molecule and form dimers or trimers (both on the surface and in 
solution). The equilibrium between dispersion and aggregation depends on the strength 
of the intermolecular interactions. Attachment of further molecules to the nucleus on 
the surface results in growth of molecular domains, which subsequently form a self-
assembled monolayer. Adapted from Ref. 21. 
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The complexity of the self-assembly at the LSI comes also from the intricate adsorption 
process itself. When the solution is applied to a clean substrate, the dissolved molecules start to 
adsorb on the surface, where they can move and eventually aggregate with other adsorbed molecules 
similar to the dynamic aggregation within the solution phase, or desorb back into solution (Figure 
2.6). Systems, in which the adsorbate–substrate interaction, is relatively weak or has only van der 
Waals interactions, e.g. for the adsorption on graphite, have an adsorption behavior governed by the 
thermodynamic equilibrium between adsorption and desorption, which controls the molecular 
distribution at the LSI 20.The equilibrium is mainly determined by temperature, solution conditions 
such as solubility of the adsorbate and concentration, and the affinity of the solute to adsorb and stay 
on the substrate (adsorbate–substrate interaction), which consequently determine the concentration 
of molecules on the surface. For example, if the adsorbate–substrate interaction is very weak and 
the adsorbate solubility high, the equilibrium tends toward the solution phase and only few 
molecules adsorb on the surface. Order or disorder phase transitions between a monomeric 
dispersion and molecular aggregations exists also at the LSI, and can reveal the boundary between 
entropic and enthalpic controls at a given solute concentration on the surface. 20 
For the self-assembly of large-scale structures, an assembly of a few molecules on the surface 
can act as a nucleus. Further molecules interact with the nucleus leading to the growth of domains. 
Stable monolayers in a dynamic equilibrium with the solution can be formed when a sufficiently 
large number of molecules on the surface assemble into large crystalline domains. However, 
interfacial self-assembly of molecules is a time‒dependent process which does not occur 
instantaneously, and it takes a certain amount of time before surface-coverage reaches its 
equilibrium state. At the LSI, the adsorption of molecules is, for example, limited by diffusion of 
molecules in the bulk solution towards the surface. 
 
2.3.2 Kinetic and thermodynamic control over 2D molecular self-assembly 
Thermodynamics describes how stable one state of a system is versus another, whereas 
kinetics is concerned with rates of change and thus time-dependent phenomena such as transitions 
from one polymorph into another under constant conditions or as a response to external stimuli. 
 Kinetics 
Kinetics allows an understanding of dynamic processes that occur when molecules self-
assemble at the liquid/solid interface. Parameters such as the rates of adsorption and desorption for 
both the solute and the solvent, the nucleation rate and growth rate of different polymorphs, the 
diffusion rate of the solute in solution and on the surface influence the kinetics of the two 
dimensional crystallization. The temperature dependence of rate constants is generally treated using 
the Arrhenius equation 
    𝑘 = 𝑘0e
−
Δ𝐸
𝑘𝐵𝑇,      (2.9) 
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which assumes an activation energy ΔE that must be thermally surmounted, and k0 is interpreted as 
an attempt frequency, typically of the order of 1012 Hz to 1014 Hz. 19 
A balance between deposition rates A, that is the rate at which molecules adsorb on the 
surface, and the diffusion rate of molecules on the surface D is responsible for the formation of 
different structures. 16 At a small value of the ratio A/D, i.e. quick diffusion and slow adsorption, 
the molecules have long diffusion lengths on the surface and they have enough time to eventually 
bind in the energetic most favorable arrangement to another molecule. Nucleation is slow, and 
thermodynamically controlled equilibrium structures are the consequence. On the other hand, large 
values of A/D resulting from fast adsorption and little time for diffusion would lead to kinetically 
favored structures if a metastable energetic minimum is attainable faster than the thermodynamic 
global minimum due to the insufficient time for molecules to relax into their energetically preferable 
state when they are added to the structure. At the LSI, the adsorption depends on the amount of 
molecules in the proximity of the interface, and therefore directly on the solute’s concentration and 
solute mobility in solution. A low flux of solute molecules towards the surface may hinder the 
formation of a particular polymorph in favor of another. The quickly assembling polymorph has a 
larger nucleation/ growth rate resulting in a high fraction of the monolayer, but it is not necessarily 
the thermodynamically most stable structure. A different, slower nucleating polymorph, which is 
otherwise energetically preferred, grows with a time lag but eventually over time transforms also 
the initial metastable crystal structure and covers the whole surface. This effect adapted to the two-
dimensional supramolecular monolayer growth is called Ostwald’s rule of stages 16. Similar, the 
competitive coadsorption of different solute molecules that assemble into separate domains can be 
kinetically controlled, and a transition of the initial monolayer where domains of both polymorphs 
are present to a monolayer that contains almost only domains of one kind of molecule occurs over 
time due to a minimization of the Gibbs energy. 
The size of ordered domains is in general kinetically controlled, despite the overall adlayer 
structure being thermodynamically controlled by intermolecular interactions. In order to achieve a 
molecular adlayer with low defect density and large ordered domain sizes, a slow supply of 
molecules to the surfaces would be advantageous. Rapid nucleation would lead to the formation of 
mosaic structures with small ordered domains. Another related effect is 2D Ostwald ripening, which 
is the growth of large domains or islands at the expense of small domains over time. The driving 
force behind this is thermodynamic in origin by minimizing the energy of the boundary of a domain. 
Molecules at the boundary are usually less strongly bonded than inside of a domain due to a lower 
number of binding partners or less favorable intermolecular interactions. Minimizing the number of 
molecules at the boundary with respect to the number of molecules inside a domain leads to the 
minimization of the thermodynamic potentials in result. 
 Thermodynamics 
Molecular self-assembly is usually a thermodynamically driven process. Under isobaric 
(constant pressure) and isothermal (constant temperature) conditions, the whole system comprised 
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of surface, solution and self-assembled interfacial monolayer can be described in terms of the Gibbs 
energy G. The self-assembly process minimizes the Gibbs energy. A (local) minimum in Gibbs 
energy corresponds to a (meta) stable state of the overall system, i.e. the self-assembled molecular 
layer is in thermodynamic equilibrium with the solution phase and the substrate. A change in Gibbs 
energy ΔG can be expressed in terms of a change in enthalpy ΔH and change in entropy ΔS: 
Δ𝐺 = Δ𝐻 − 𝑇Δ𝑆.      (2.10) 
Solvation enthalpy, adsorption enthalpy and entropy change between the dissolved state and 
adsorbed state of the solute molecules determine the energetic contribution of surface-confined 
molecular self-assembly. When molecules adsorb on a surface, they might reduce their enthalpy by 
trading solvation enthalpy for adsorption enthalpy. Maximizing the number of molecules adsorbed 
on the surface would consequently minimize enthalpy and drive self-assembly towards densely 
packed monolayers. In the high-concentration regime, the interaction energy per unit area is a good 
measure to compare the relative thermodynamic stability of different polymorphs, whereas the 
adsorption energy per molecule is more useful in the low-concentration regime. While this decrease 
in enthalpy favors the spontaneous formation of monolayers and self-assembly, also the entropy of 
the overall system decreases 18. This is because the degrees of freedom for each molecule, such as 
translational, rotational, vibrational, and conformational degrees of freedom, are reduced, when the 
molecules are in relatively fixed positions inside a molecular adsorbate structure. This loss in 
entropy consequently would raise the Gibbs energy of the system, and in order to minimize the 
Gibbs energy at a given temperature, the loss in entropy has to be compensated by an adequate 
reduction in enthalpy for the self-assembly of the monolayer by optimizing intermolecular and 
molecule-substrate interactions. While changes in enthalpy can be computed in a straightforward 
manner by using, e.g., molecular mechanics calculations to compare the relative energetic stability 
of different polymorphs, entropy changes can hardly be determined or at most be roughly 
approximated. 21 
A different formalism for changes in the Gibbs energy, which models the thermodynamics at 
the LSI, is given in dependence on the chemical potentials𝜇𝑖: 
                            Δ𝐺 = ∑ 𝜇𝑖Δ𝑁𝑖𝑖      (2.11) 
where Ni is the number of moles of the molecules in phase i. 
The difference of the chemical potentials of the solute molecules in solution μsolution and the 
chemical potential in the monolayer μmonolayer is related to the Gibbs energy. ΔG can then be 
expressed as: 
          Δ𝐺 = (𝜇monolayer − 𝜇solution)Δ𝑛     (2.12) 
Where Δ𝑛 is the number of moles of the molecules adsorbed from solution into the monolayer. 
16 The self-assembly is a spontaneous process if μsolution is initially higher than μmonolayer. The chemical 
potentials are dependent on the number of moles of the molecules in the respective phase, which 
means μmonolayer = μmonolayer (n) and μsolution = μsolution (N − n), whereby N refers to the total number of 
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moles of the solute molecules. Thermodynamic equilibrium is reached once enough molecules are 
adsorbed from solution on the surface to equalize μsolution and μmonolayer, so that ΔG = 0. For a given 
volume V of solution, the concentration c = N/V, and for an ideal solution the chemical potential can 
be written as 
   𝜇 = 𝜇0 + 𝑅𝑇 ln
𝑁
𝑉
= 𝜇0 + 𝑅𝑇 ln 𝑐 = 𝜇(𝑐).   (2.13) 
Higher concentrations result in a higher chemical potential, which consequently increases the 
adsorption of molecules from solution into the monolayer. Concentration dependencies of the 
polymorphism at the LSI can usually be explained like this. 16 
2.4 Experimental conditions 
The two-dimensional (2D) crystal engineering of molecular architectures on surfaces requires 
controlling various parameters related respectively to the substrate, the chemical structure of the 
molecules, and the environmental conditions. Substrate parameters such as material, surface crystal 
orientation, surface reconstruction, and surface modification by over layers strongly influence the 
structural arrangement of the self-assembled monolayer 22‒25. In comparison, molecular parameters 
permit the control of 2D molecular packing by exploiting noncovalent intermolecular interactions 
such as van der Waals interactions, hydrogen bonds, and π-stacking. Finally, external and 
environmental parameters such as light irradiation, electric and magnetic fields, time, concentration, 
and temperature also proved to be key players governing supramolecular self- assemblies 22, 25‒27. 
Among all of the parameters that influence on the assembling of supramolecular structures at 
the LSI, the type of solvent, the solute concentration and temperature are the important factors which 
are investigated in more detail here. 
2.4.1 Role of solvent 
In self-assembly at the LSI, the solvent plays an essential role as the adsorbate’s transport 
medium to the substrate via diffusion, and in determining the amount of adsorbed molecules and 
their final self-assembly structure. A few reports suggested only little influence of the solvents on 
the self-assembled structures at the LSI compared to the structures observed when prepared in 
vacuum 26. In contrast, a number of studies have revealed that the crystallinity of the monolayer, the 
molecular structures, and the properties of the adsorbate layer are strongly dependent on the solvent 
that was used to dissolve the molecules, even when the characterizations were performed after the 
complete evaporation of the solvents 26‒29. Although the basic function of a solvent is as a dispersant, 
in which the solute molecules will be dissolved and deposited from to form a monolayer or 
multilayer on the substrate, it has been realized that the solvent can affect the self-assembly by 
changing the molecular solubility, modulating the mobility on the surface, and the 
adsorption/desorption rates, and thus inducing structural transformations. The chemical structure of 
the solvent molecules (aromatic interaction, alkyl chain length, odd-even or parity effect 28‒30), and 
other solvent properties (such as polarity, chirality, solubility, and viscosity 26‒27) can affect the 
molecular structures by changing the kinetics of the self-assembly process or thermodynamic 
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parameters like solvation enthalpy, or by competitive deposition of solvent with the solute 
molecules. Systematic studies on the solvent effects would shed light on the formation of the 
adsorbate layer, and consequently would allow to better control and tune supramolecular structures 
in order to design and improve new functional organic devices such as for molecular electronics 26.  
The two main effects of the solvent that have been investigated are:  
1. Solvent coadsorption effect  
At the LSI interface, the delicate balance among the adsorbate–adsorbate, adsorbate–solvent 
and solvent–solvent interactions can induce the coadsorption (or competitive deposition) of solvent 
molecules together with the solute molecules. The solvent at the interface enables dynamic 
adsorption and desorption of the adsorbates leading to the formation of the molecular monolayer. If 
the solvents contain alkyl chains, aromatic rings, donor or acceptor groups for hydrogen bonding, 
the solvents may be coadsorbed at the LSI because of a relatively strong solvent molecule−substrate 
interaction via van der Waals interactions with the substrate. Moreover, by introducing solvents 
capable of hydrogen bond formation, evidence for coadsorption of solvent molecules was found for 
the physisorption of hydrogen bonded solute molecules 23, 26‒28. The solvent coadsorption can 
improve the stability of the molecular structures, allows for the construction of 2D multi-component 
supramolecular architectures, and also enables immobilizing and imaging of small solute molecules 
or small solvent molecules that cannot be imaged in monomolecular monolayers owing to their high 
mobility. Venkataraman et al. reported that solvents could play an appreciable role in the adsorption 
and mobility of triacontane/triacontanol molecules adsorbed on the graphite surface 31. De Feyter et 
al. reported that the solvent molecules of 1-heptanol can be coadsorbed on the HOPG surface and 
stabilized by the formation of hydrogen bonds with 5-[10-(2-methylbutoxy)-decyloxy]isophthalic 
acid (MBDISA) molecules. It is interesting that the orientation of the coadsorbed solvent molecules 
can be an indicator for the chirality of the monolayer 27. Wintgens et al. showed the solvent 
coadsorption in structures with HO(CH2)14COOH and HO(CH2)15COOH in a series of different 
solvents 32. They found that the coadsorption of solvent molecules was affected by the odd/even 
effect of the alkyl chain length that occurs only in the self-assembled monolayers of 
HO(CH2)14COOH but not in those of HO(CH2)15COOH. The similar behavior of the coadsorption 
of a series of alcohol molecules with different chain lengths could also be observed in the trimesic 
acid (TMA)/ alcohol system, which enables the fabrication of modulated stripe structures consisting 
of alternating hydrophilic tapes of TMA and hydrophobic spacers of alkyl chains 33. 
2. Solvent-induced polymorphism 
The solvent can also induce polymorphism, where systematic variations in the chemical 
structure or polarity of the solvent alter the structure formed by the adsorbate. For example, in the 
case of physisorbed monolayers of TMA formed at the interface to highly oriented pyrolytic graphite 
(HOPG) and solutions of TMA in a homologous series of alkanoic acid solvents (ranging from 
butyric to nonanoic acid), different polymorphs were observed depending on the solvent used 30. 
Lackinger et al. reported that TMA adsorbed on HOPG shows polymorphism depending on the 
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length of the alkyl chains of the solvent molecules. Moreover, polymorphism of the self-assembled 
structures of TMA and also of the TMA analogue 1,3,5-benzenetribenzoic acid (BTB) in a series of 
alcohol or alkyl acid solvents with different dielectric constants was reported by Flynn and Heckl's 
groups 15, 30. The effect of the solvent on the polymorphism was suggested to be due to the solvent 
polarity and a solvophobic effect. These observations show the possibility of solvent-induced 
polymorphism by fine-tuning the solute–solvent interactions and solute–solute interactions at the 
LSI. In the recent years, also polymorphism based on a multi-type solvents approach was reported 
34‒36. When several different solvents are involved in one solution, especially solvents of different 
categories, the effect of the solvent on the self-assembly becomes complicated. However such 
investigations are valuable to help in gaining a better understanding of the solvent effects and, thus, 
improve the prediction and enable to better design novel molecular structures.  
2.4.2 Role of concentration 
Structural modifications in molecular monolayers can be induced by changing the 
environment in which the self-assembly takes place. Besides the nature of the solvent, the 
concentration of solute molecules in the solution plays a very important role in controlling the 
polymorphism at the liquid−solid interface. In most of the studies performed at the LSI, the STM 
tip is immersed in an almost saturated solution. However, controlling the concentration of the 
solutions is a powerful and general approach for the selection of a particular self-assembled 
structure, also in those cases where multiple patterns may coexist 37‒41.  One of the first examples 
of concentration-dependent self-assembly was discovered in the case of alkoxylated 
dehydrobenzoannulene (DBA) derivatives 42. De Feyter and co-workers reported that by adjusting 
the DBA concentration in solution, the ratio between two polymorphs can be controlled: regular 
honeycomb networks are formed at low concentrations, while dense-packed linear networks are 
dominant at high concentrations (Figures 2.7a and b). Both polymorphs coexist at intermediate 
concentrations. The influence of the DBA concentration on the formation of the polymorphs is 
modeled assuming that the adsorption/desorption equilibrium is under thermodynamic control. The 
STM images displayed in Figure 2.7 clearly illustrate the concentration-dependent surface coverage 
of the linear and porous honeycomb networks for a DBA–OC16 derivative. Depending on the alkyl-
chain length and the solute concentration, the transformation of the self-assembled structure of DBA 
derivatives is observed. The surface coverage of the honeycomb network follows a linear relation 
with concentration for DBA derivatives with smaller alkoxy chains, whereas for DBA derivatives 
with longer alkoxy chains this relation is exponential. (Figure 2.7d) 
Ha et al. showed that the polymorphism of trimesic acid (TMA) dissolved in octanoic acid at 
the solution−HOPG interface can be tuned by changing the concentration via extended sonication 
of the solution. 43 These TMA/octanoic acid solutions were further investigated using UV-vis 
spectroscopy to quantitatively determine the concentration. By increasing the concentration of the 
solute in the solution by sonication, also the amount of TMA solute molecules deposited from the 
solution onto the surface increases due to the equal chemical potentials in equilibrium. 
Consequently, by tuning the concentration one may influence the density of the adsorbate structure 
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on the surface. It has been shown that the same type of polymorphism as for varying the solvent can 
be seen within one solvent depending on the concentration of the solution 43. The “concentration-
in-control” concept can also be applied to the self-assembly of multi-component networks at the 
liquid−solid interface. For instance, Lackinger and co-worker showed that changing the respective 
concentrations of the two different carboxylic acids: 1,3,5-tricarboxybenzene (TMA) and 1,3,5-
benzenetribenzoic acid (BTB) in solution, while keeping the ratio of both species constant, resulted 
in the formation of six different porous networks 44. Based on such previous researches, the 
concentration dependence of the self-assembly provides an elegant way of fabricating several 
energetically stable supramolecular patterns by simply manipulating the solute concentration. 
 
Figure 2.7  Concentration-controlled polymorphism in the monolayers of DBA–OC16 at the 1,2,4-
trichlorobenzene (TCB)/HOPG interface, from Ref. 37, 42: (a) and (b) STM images of 
the high- density linear and low-density honeycomb networks obtained using high and 
low concentrations of DBA–OC16, respectively. The scale bar in the inset of (a) is 
wrong in the reference and likely should be 3 nm (c) Schematic illustration of the 
transition from the linear to the porous pattern. (d) Coverage of the honeycomb 
structure (θ) in the monolayer as a function of the concentration for different DBA 
derivatives.  
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2.4.3 Role of temperature 
Among all the influences on the molecular self-assembly process at the LSI, the temperature 
is one of the most important, yet one of the least studied parameters. Most of the studies on the effect 
of temperature on molecular structures had been performed under ultra-high vacuum (UHV) 
conditions by sublimation of molecules on a heated substrate or annealing of the sample after the 
deposition 45‒48, but so far only few studies at LSI exist about this topic 16, 22, 49. The knowledge 
gained in the vacuum environment cannot be directly transferred to systems at the LSI because the 
solution also has to be considered and the Gibbs energy of the whole system consisting of molecules 
at the interface and in the liquid phase above is minimized, which finally determines the self-
assembled structure at the LSI. 
In the few investigations of temperature effects at the LSI, the molecular layer is often 
measured at different elevated temperatures, which can result in different structures and reversible 
transitions between them due to a change mainly in the entropy part T·S of the Gibbs energy 16. In a 
recent study, R.Gutzler et al. addressed the temperature dependence of a molecular self-assembly at 
the LSI by in situ STM visualization of temperature-induced phase transitions in the monolayers of  
1,3,5-benzenetribenzoic acid (BTB) 50. These temperature driven dynamic processes are reversible 
(Figure 2.8). Repeated heating and cooling results in a reversible phase switching between a 
hexagonal porous pattern (Figure 2.8b) and a linear densely packed network (Figure 2.8c). At room 
temperature, the hexagonal porous pattern is thermodynamically the most stable network due to 
solvent co-adsorption in the pores. Upon increasing the substrate temperature, the solvent molecules 
desorb from the surface and cause destabilization of the hexagonal network in favor of the linear 
row structure.  High temperatures favor states of a system with higher entropy and can shift the 
relative chemical potentials of molecules in different phases. Moreover, it influences the reaction 
kinetics. It is known that during a short time of elevated temperature, the mobility of the molecules 
is increased, which can help to overcome kinetic limitations in the formation of the adsorbate 
structure 16. 
In another temperature-dependent study, Bellec et al. demonstrated that not only the annealing 
temperatures but also the history of the growth of the interfacial layer out of solution is critical for 
the selection of a particular structural polymorph in the self-assembly of dodecyloxy substituted 
1,3,5-tristyrylbenzene (TSB) 51. TSB self-assembles into a high-density linear and a low-density 
honeycomb porous polymorph at the 1-phenyloctane/ HOPG interface. In their first experiment, a 
droplet of TSB solution was applied onto the HOPG substrate that was held at room temperature 
(21°C), and subsequently the substrate was heated at 60°C and the system was allowed to equilibrate 
for 1h at this temperature. STM images revealed the formation of large domains of the high-density 
linear polymorph. In the second experiment, the HOPG substrate was held at 60°C, then the TSB 
droplet was applied onto the hot substrate, and this temperature was kept stable for 1h. In this case, 
the STM images showed the formation of large domains of the porous molecular networks. These 
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experiments demonstrate that, for a given final temperature and concentration, the characteristics of 
the adsorbed monolayer strongly depend on its history of growth, that is, on the detailed sequence 
of temperatures applied during and after the droplet of solution was deposited. Despite such few 
initial studies on the effect of temperature on the self-assembly of molecules at LSI, the basic 
mechanisms are so far still not fully understood and many open questions remain. 
 
Figure 2.8 (a) Molecular structure of BTB. (b-g) A sequence of STM images taken at high (55°C) 
and low (25°C) temperatures (temperature is given at the upper or lower left corners, 
respectively) showing a reversible transformation between the porous network and the 
linear structure of saturated BTB in nonanoic acid solutions at graphite 50. 
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CHAPTER 3: EXPERIMENTAL SECTION 
 
 This chapter briefly describes the properties of the solutes, solvents and substrate used for 
this thesis. Furthermore, the experimental methods and computational details used for the 
investigations will be explained.  
 
3.1 Solutes   
3.1.1 Trimesic acid (TMA) (1,3,5‒C6H3(COOH)3)  
 Trimesic acid (1,3,5-benzenetricarboxylic acid, 1,3,5‒C6H3(COOH)3, or TMA) is an 
aromatic carboxylic acid. It is a planar molecule consisting of three symmetric carboxyl groups 
(forming an angle of 120° with respect to each other) in the molecular plane of the benzyl core 
(Figures 3.1a, b).  
 
Figure 3.1 Molecular models of the planar structure of trimesic acid (TMA) with its three carboxyl 
acid functional groups (–COOH):  top view (a) and side view (b). 
Carboxylic acids are typically polar in nature. In structure, TMA possess a non-polar phenyl 
ring and three polar COOH functional groups. By calculating the Mulliken charges, Ha et al. 1 
showed that: within the −COOH group, the −OH subgroup has a net charge of −0.18 e towards O 
and −C=O has a net charge of +0.14 e towards carbon. Therefore, carboxylic groups are at the same 
time hydrogen donors as well as acceptors. With the very different electronegativity inside each 
COOH group, TMA becomes a strong polar organic solute so that TMA molecules forms stable 
supramolecular structures via hydrogen bonding with other TMA or with molecules containing polar 
functional groups (–OH,  –COOH, –NH2) 
2‒3. It can also co-assemble with other molecules to form 
different patterns. Different types of polymorphs of TMA have been already reported in literature 1. 
 TMA can self-assemble on various substrates such as graphite, Au, Cu, and Au/Si, in liquid 
or ultrahigh vacuum environments. Its carboxyl groups can deprotonate to coordinate metal atoms 
such as Cu and Fe 4. Even more importantly, TMA can form various host–guest systems such as 
hydrogen-bonded cation−anion complexes with many amino acids 3. Its flexible adaptability at 
different surfaces and abundant coordination capability make it one of the most extensively studied 
assembling molecules that form ordered two–dimensional monomolecular porous networks. 
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3.1.2  Benzene 1.3.5-triphosphonic acid (BTP) (1,3,5‒C6H3(PO3H2)3) 
 
Figure 3.2  Molecular models of the non–planar structure of benzene- 1,3,5- triphosphonic acid 
(BTP) with its three phosphonic acid functional groups  (–PO(OH)2) : top view (a) and 
side view (b). 
Benzene-1,3,5-triphosphonic acid (1,3,5‒C6H3(PO3H2)3), in the following abbreviated as 
BTP, is the phosphonic acid analogue of TMA. Similar to TMA, BTP is a suitable candidate for the 
formation of hydrogen-bonded networks because it can act as both H-bond donor and acceptor at 
the same time via three phophonic functional groups 5, 6. One of the most important, interesting 
characteristic of BTP is the non-planarity of the molecule. BTP contains three phosphonic acid 
groups which each consists of two –OH and one =O group bonded to a P atom with angles of ca. 
120° between them 6, 7. For the geometry optimized using density functional theory (DFT) in gas 
phase, it is found that the P=O bond lies preferably in the plane of the benzen ring whereas both P–
OH point out of plane (Figures 3.2a, b). We calculated using DFT an energy barrier of ca. 0.2 eV 
for rotating the phosphonic acid group around the C–P bond. Each group can therefore easily be 
rotated, which can result in a large number of different H-bonded arrangements between the 
molecules, and thus also various supramolecular structures are expected. The 3D functional groups 
of BTP can be used for the generation of 2D but especially also 3D hydrogen bonded architectures. 
The design of bulk crystal structures of BTP can results in exciting and robust materials 7, 8. For 
example, BTP has been used to generate hybrid organic–inorganic materials using a hydrothermal 
synthesis involving its reaction with copper salts and bipyridine derivatives 5. In particular is this 
molecule also interesting as a molecular linker for the layer-by-layer growth of 3D metal−organic 
frameworks starting from a modified surface (SURMOFs) 5, 9. For the extensively studied carboxylic 
acids like TMA, the plane of the aromatic system and the carboxylic acid groups are often orientated 
parallel to the surface. However, such molecular building blocks have to be arranged on the solid 
supports in a non-flat adsorption geometry to provide convenient coordination points for metals into 
the third dimension for the sequential growth of a SURMOF 10, 11. From a molecular structure design 
perspective, phosphonic acid groups would be especially useful to access the third dimension 
starting from a monolayer. BTP is a promising and interesting candidate to design both 3D 
supramolecular H-bonded architectures and organic−inorganic hybrid frameworks. Therefore, 
different to the planar molecule TMA, the non-planar molecule BTP with its 3D functional groups 
will be predicted to form many new-assembled structures, especially also for a single molecular 
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monolayer. However, the adsorption and self-assembly of BTP has surprisingly so far not been the 
subject of STM investigations to our knowledge.  
3.1.3  Twin monomer 2,2’-spirobi[4H-1,3,2-benzo-dioxasiline] (SBS) 
 
 
 
 
Figure 3.3  Molecular models of the twin monomer 2,2’-spirobi [4H-1,3,2-benzo-dioxasiline] 
(SBS) 
 The twin monomer 2,2’-spirobi [4H-1,3,2-benzo-dioxasiline] that was used in this thesis 
will in the following be abbreviated as SBS (Figure 3.3). SBS is the first twin-monomer which was 
synthesized in the twin polymerization project.  Twin polymerization is a new elegant method of 
polymerization for the fabrication of organic−inorganic hybrid materials. This method was recently 
developed at the TU‒Chemnitz and is intensely studied within the DFG research group 1497. Twin 
polymerization is a polymerization process which creates two different polymer structures in a single 
step from the so-called twin monomer (Figure 3.4) 12, 13.  
 
 
Figure 3.4  Schematic principle of the twin polymerization for the synthesis of polymer hybrid 
materials: a complex monomer containing an organic (A) as well as an inorganic (B) 
part polymerizes creating an interdigitated three-dimensional nanostructure of both 
organic and inorganic components. Below a specific example of SBS-monomers 
polymerizing according to this scheme is shown. The (theoretical) overall equation for 
the cationic polymerization of twin monomer SBS gives both SiO2 and a linear phenolic 
resin without by‒products. 12‒14 
The twin monomer SBS, consisting of organic and inorganic building blocks bonded together 
covalently, has been used to produce nanostructured hybrid materials. The polymerization is 
initiated by ring opening of the 4H-1,3,2- benzodioxasilines or cleavage of the Si-O-C bonds. As 
the final product, two structurally different homopolymers (silicon dioxide and a phenolic resin) are 
generated by the single polymerization mechanism (Figure 3.5). During the first step of the cationic 
polymerization of the SBS monomers, the 1,3,2-dioxasiline ring is opened due to the addition of a 
proton at the oxygen atom of the oxymethylene group (Figure 3.5). A consecutive electrophilic 
substitution reaction of the so generated CH2+ -moiety with an unreacted monomer leads to the 
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phenolic resin formation. The silanol groups formed during the 1,3,2-dioxasiline ring opening can 
form siloxane bridges after proton transfer. Theoretical calculations of the selective ring opening at 
the oxymethylene group could as well be verified by experiments. 12 Starting from the reaction steps 
identified by quantum chemical calculations of the cationic catalyzed polymerization of another SBS 
monomer (+2), a coarse-grained molecular dynamics model has been developed to simulate the 
network formation process. From these simulations, it was concluded that one bond is cleaved 
preferentially and the polymerization of the phenolic resin is kinetically and thermodynamically 
favored. 12, 16, 17 This prevents the formation of immiscible inorganic and organic fragments which 
can undergo phase separation at early stages. Furthermore, additional water or protons might be 
present in the twin-monomer powder to catalyze the silica network formation. 
 
Figure 3.5  Mechanism of the cationically catalyzed ideal twin polymerization of 2,2’-spirobi [4H-
1,3,2-benzo-dioxasiline] (SBS). 12 
 
Figure 3.6  Schematic depiction of the possibilities of post treatment of the phenolic resin (red 
colored)/SiO2 (blue colored) hybrid material to obtain nanoporous SiO2 or carbon 
(black colored). Starting from the hybrid material resulting from the polymerization of 
SBS, porous carbon or porous SiO2 can be produced. The removal of the organic phase 
can easily be carried out by burning it to CO2 in air atmosphere at elevated temperature. 
Alternatively, phenolic resin is an established precursor for amorphous carbon, and 
SiO2 of the hybrid material can serve as an internal template for the synthesis of porous 
carbon by removing SiO2.
12 
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The process of twin polymerization of the monomer SBS has proven to be rather robust 
towards external influences like added co-components or solid templates, which is important for 
possible usage in material synthesis such as: surface twin polymerization; porous  materials  from  
twin  polymerization as catalyst supports; concomitant  cationic  polymerization  of  a  hybrid  
monomer and an epoxy resin; and hybrid material layer from twin polymerization as adhesion 
promoter for metal-plastic composite 12, 14, 18. 
 
3.2 Solvents 
For self-assembly at the liquid-solid interface, the solvent plays an important role as the 
medium to transport the solute via diffusion to the substrate for their adsorption. The solvent can 
also have great influence on the structure formation for the interfacial self-assembly of molecular 
monolayers. Therefore, the proper choice of solvent is crucial for STM experiments at the LSI. The 
selected solvents are required to have some significant properties 18‒24, such as: 
 A low dielectric constant and polarizability (e.g. ε < 12 at room temperature) because the 
dielectric constant of the solvents can affect the stability of H-bond motifs when the tip is 
totally immersed into the solution.  
 A low electrical conductivity. An insulating environment for the scanning tip avoids problems 
with leakage currents. Thus, the tunneling electrons flow only between tip apex and sample, 
exclusively imaging the surface or the molecules adsorbed on it. It also makes any additional 
insulation of the scanning tip unnecessary, and thereby further simplifies the experimental 
procedure. 
 A sufficiently low vapor pressure. When the solvent is evaporating too fast at room 
temperature, experimental time spans are greatly reduced, and on the other hand resolution is 
reduced through thermal drift induced by the evaporation.  
 It has to be able to sufficiently dissolve the targeted adsorbate molecules, and exhibit a lower 
affinity and adsorption energy than the solute for adsorption on the substrate.  
Table 3.1  Summary of the important general properties and especially the relevant 
properties of solvents used in this study 25. 
Name Model Property 
1-Undecanol 
C11H23O 
 
 
 
 CAS Registry Number: 112-42-5 
 Molecular weight: 172.18 g/mol 
 Melting point: 15.9 °C  
 Boiling point: 245 °C 
 Flash point: 113 °C 
 Dielectric constant ε (293.2 K): 6.93. 
 Vapor pressure (295 K): < 0.1 mbar 
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1-Decanol 
C10H22O 
 
 
 CAS Registry Number: 112-30-1 
 Molecular weight: 158.28 g/mol 
 Melting point: 7 °C  
 Boiling point: 230 °C 
 Flash point: 108 °C 
 Dielectric constant ε (293.2 K): 7.93  
 Vapor pressure (295 K): < 0.1 mbar. 
Heptanoic acid 
C7H14O2 
 
 
 CAS Registry Number: 111-14-8 
 Molecular weight: 130.18 g/mol 
 Melting point: -7.5 °C  
 Boiling point: 223 °C 
 Flash point: >110 °C 
 Dielectric constant ε (303.2 K):  3.04  
 Vapor pressure (295K): < 0.1 mbar. 
Octanoic acid 
C8H16O2 
 
 
 CAS Registry Number: 124-07-2 
 Molecular weight: 144.21 g/mol 
 Melting point: 16.3 °C  
 Boiling point: 239 °C 
 Flash point: 130 °C 
 Dielectric constant ε (303.2 K):  2.82 
 Vapor pressure (295 K): < 0.1 mbar. 
1-Phenyloctane 
C14H22 
 
 
 
 CAS Registry Number: 2189-60-8  
 Molecular weight: 190.32 g/mol 
 Melting point: -36 °C  
 Boiling point: 261 °C 
 Flash point: 107 °C 
 Dielectric constant ε (293.2 K):  2.26 
 Vapor pressure (295 K): < 0.1 mbar. 
Solvents used in this study (source of data if not indicated otherwise: NIST Chemistry 
WebBook, National Institute of Standards and Technology, www.nist.gov) 
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3.3 Substrate: Highly oriented pyrolytic graphite (HOPG (0001)) 
In order to perform STM investigations, the preparation of the substrate plays a key role for 
the self-assembly of molecules at solid surfaces. A solid sample with high electrical conductance, 
and chemical stability is essential, which provides a versatile platform for steering and monitoring 
structures at the nanoscale. To carry out STM measurements under ambient conditions, highly 
oriented pyrolytic graphite (HOPG) cleaved along the (0001) plane is one of the most useful 
substrates 26‒28. Graphite surfaces are used because of their chemical inertness and the ease of 
preparing large and atomically flat areas. The (0001) direction is favored because of the weak van 
der Waals interaction between sp2 hybridized covalently bonded carbon layers within the stacked 
material 29, 32.  HOPG (0001) is a high-stable material; it remains stable up to temperatures of 500°C 
in air and up to 2000°C to 3000°C under vacuum or inert gas environment. This property is 
convenient for our investigation of the effect of increased substrate temperature during deposition 
from solution. 
 
Figure 3.7 HOPG: (a) layered structure of a graphite crystal; (b) top view of the (0001) plane: 
atoms at the positions A have a nearest next neighbor in the layer underneath, whereas 
atomic positions B (black dot marked by large circles) do not have a nearest neighbor 
in the layer directly underneath 26, 30. (c) STM constant height image of a HOPG (0001) 
surface: the bright spots arise from atoms in position B (4.2 × 4.2 nm, U = 0.15 V, I = 
2.5 nA). 
 Figure 3.7a shows a model of the layered graphite crystal with the hexagonal symmetry of 
the structure of the carbon atoms in each layer. Neighboring layers are shifted with respect to each 
other. The alternating abab-type stacking results in a unit cell vector of 6.70 Å perpendicular to the 
layers. Two different carbon sites A and B can be distinguished in the top layer (Figure 3.7b). Carbon 
atoms with another carbon atom underneath are A and carbons with no carbon atom underneath are 
indicated B. Only the latter C atoms of site B can be visualized by STM, because these allow a better 
tunneling due to their inter-layer interaction. Consequently, STM images of the graphite surface 
show a close-packed hexagonal structure with a lattice constant of 2.46 Å instead of the hexagonal 
honeycomb lattice. (Figure 3.7c) 31‒33. 
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 For all experiments shown here, HOPG (0001) (grade ZYA, Goodfellow) was used. At the 
LSI, the sample preparation is straightforward so that for HOPG, the topmost layers are simply 
cleaved off using adhesive tape to achieve a clean surface immediately before deposition. 
3.4 Preparation of the STM tips     
 In order to get STM results of good quality, the preparation of the tunneling tip plays an 
important role for the quality of the obtained STM images. The two attributes relevant for the 
performance of a tunneling tip are its shape and its chemical composition 33‒36. The protruding apex 
of a tip carries most of the tunneling current, which has an exponential dependence from the distance 
between the tip and surface, and determines the lateral atomic resolution. The macroscopic shape of 
the tip should be relatively sharp to ensure that only one apex cluster of tip atoms probes the surface, 
and no multi-tip artifacts occur in the measured image. However to obtaining the best atomic-scale 
lateral resolution in STM images, the sharpness of the tip apex, at the atomic scale, is crucial. The 
latter involves two issues: the material that the tip is made of, and contaminations present on the tip 
surface 33, 37.Contaminants reduce the metallic character, and influence on the tunneling current 
between the sample and the metal atoms of the tip. This can lead to imaging artifacts and even cause 
a crash of the tip into the surface. The tip material itself also slightly influences the obtained STM 
data because the tip density of states is involved in the tunneling current. A variety of metal materials 
such as tungsten (W), platinum (Pt), gold (Au) etc. has been used to make tunneling tips throughout 
the history of STM 34, 35, 37, 38. Tungsten is a widely used element for STM tips under UHV 
conditions because it is very hard, while for ambient conditions a platinum-iridium alloy (Pt–Ir) is 
the most commonly used tip material. Platinum is particularly suitable because it is very inert to 
oxidation in the air. A fraction of Ir (typically 10% to 30%) is used to make the tip harder. Another 
advantage of Pt–Ir is the uncomplicated preparation.  
 
Figure 3.8 (a) Schematic illustration of cutting Pt/Ir tip process. (b) Scanning electron microcopy 
image of a mechanically cut Pt/Ir tip and (c) magnification of the tip apex. 
The tips used for the STM imaging described here were mechanically cut from a Pt–Ir wire 
(Pt80Ir20, 250µm diameter, Goodfellow) (Figure 3.8) and before each measurement, the quality of 
the tip has been checked on freshly cleaved graphite. Ideal tips for STM should have an atomically 
sharp apex. However, in general, the geometry of the tip apex is poorly defined and can even change 
during the scanning. Therefore, experiments were repeated with several tips and prepared samples 
to ensure reproducibility and exclude tip artifacts. Positive bias voltages correspond to electron 
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tunneling from the tip to the sample. Occasionally, short high voltage pulses (sample bias +2.5 to 
+5.0 V) were applied for reconditioning of the tunneling tip. 
3.5 Experimental methods for sample preparation 
3.5.1 Preparation of the solution 
All experiments were carried out under normal ambient conditions at room temperature. 
Sample solutions were prepared by dissolving 0.1 mg of the solute (TMA, BTP, Spiro) in 5 ml of 
each kind of solvent (1-undecanol, 1-decanol, 1-octanoic acid, 1-phenyloctane…). After 
sedimentation of excess solute, the solution was kept stable for 2 days for subsequent decanting (see 
Figure 3.9 below). TMA (purity 97%), 1-undecanol (purity 99%), 1-decanol (purity 99%), 1-
octanoic acid (purity 98%) and 1-phenyloctane (purity 98%) were purchased from Sigma-Aldrich 
and used without further purification. BTP (purity 98%) and SBS (purity 98%) were synthesized by 
the Coordination Chemistry Group, Institute of Chemistry, TU Chemnitz. 
3.5.2 Heating of the substrate 
 
Figure 3.9 Experimental set up to study the self-assembly of TMA or BTP deposited from e.g. 
solution in undecanol on HOPG (0001) controlled by the varied substrate temperature 
during the sample preparation and by using STM at the LSI. The steps involved in the 
preparation are the mixing of solute and solvent, decanting, and heating during 
deposition of the solute at the solution–HOPG interface. 
A homemade sample holder (Figure 3.9) was used to control the substrate temperature in the 
range of 20-100°C with sample temperatures used during deposition started at 20°C and increased 
by steps of 10°C. The temperature of the substrate was measured using a thermocouple (accuracy 
±2 °C) and an IR thermometer. The samples for the STM experiments were prepared by first pre-
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heating the clean substrate up to the selected temperature. As soon as the substrate reached the 
desired temperature, a 5 µl droplet of the solution was applied on the HOPG substrate using a 
micropipette, which resulted in the formation of a monolayer of molecules adsorbed at the LSI. The 
sample was kept for 10 minutes at the selected temperature, and after that it was cooled down to 
room temperature and the resulting molecular pattern was imaged using the ambient STM in the 
constant height mode. 
 
3.5.3 Ultrasonication 
 
Figure 3.10 Experimental setup to study the self-assembly and reaction of the twin spiro monomer 
deposited from undecanol on HOPG (0001) controlled by the varied sonicating times 
during the sample preparation and by using STM at the LSI. The steps involved in the 
preparation are the mixing of solute and solvent, ultrasonicating of the solution, and 
decanting. 
The effects of ultrasound on liquids have been investigated since the 1980s. The energy 
introduced by ultrasound is known to enhance some physical and chemical reactions in liquid 
systems. The frequency of ultrasound in the range of tens of kHz is capable of weakening and even 
destroying the attraction between molecules which occurs due to van der Waals, dipole-dipole, 
induced dipole-induced dipole interactions and so on 39, 40. Ultrasonic energy has been reported to 
enhance the rate in solvolysis of molecules in solvents, as well as for hydrolysis of molecules. 
Examples for this are 2-chloro-2-methylpropane in aqueous alcoholic solvents 41, 42, ester hydrolysis 
in binary solvents 43, 44, the alkaline hydrolysis of nitrophenyl esters 45, hydrophobic interactions 46, 
47. Ultrasound has been found to increase the rate of dissolution, consequently to enhance the 
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solubility by the transient ultrasonic cavitation occurring in the dissolution process. For example, 
Ha et al. showed that by adjusting the concentration of the solute by ultrasonication (using an 
ultrasonic bath), different polymorphs of TMA deposited from fatty acid solvents at the LSI to the 
HOPG surface can be formed in a controlled manner 48.   
For this thesis, an ultrasonic bath with temperature control “Elmasonic P30H” from the 
company Elma has been used. Before performing the ultrasonic treatment, it is recommended to wait 
until the room temperature is achieved. We investigated the self-assembly of the SBS at the LSI in 
dependence on the sonication time (from 10 minutes to 2 hours) as a first step to study twin 
polymerization with STM. The experiments were set up step by step as shown in Figure 3.10. 1 mg 
of SBS is dissolved in 5 ml undecanol solvent to prepare the solutions. After having the sediment of 
excess SBS molecules, these solutions were sonicated in an ultrasonic bath. The time of 
ultrasonication ranged from 30 minutes to 3 hours in order to obtain saturated or super-saturated 
solutions, respectively. The obtained solutions were kept stable for about 2 weeks and then decanted, 
and after that investigated by STM at the LSI.  
During the time of measurement, the STM head was covered by a glass jar which was filled 
with nitrogen gas to prevent the contamination from the environment and to reduce evaporation of 
the solvent.  
3.5.4 Stirring 
 
Figure 3.11 Experimental setup to study the self-assembly of TMA deposited from solvents on 
HOPG (0001) controlled by the varied stirring times during the sample preparation and 
by using STM at the LSI. The steps involved in the preparation are the mixing of solute 
and solvent, stirring and decanting. 
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Stirring of the solution was used as a simple method for comparison with the results gained 
by sample preparation using ultrasonication of the solution or heating of the substrate during 
deposition, which can have several effects and are not so well understood. Similar to the previous 
preparation methods, first a solution with a sediment of excess solute molecules was made. After 
this, the solution was stirred by a magnet (stir bar) put inside the solution which was fastly rotated 
by the magnetic stir machine (Figure 3.11). The stirring results in a better intermixing of solute and 
solvent, which increases the concentration and results in a fully saturated or super-saturated solution 
after longtime stirring. 
3.6 Computational details 
All of the STM images were analyzed using the program WSxM, and they have been slightly 
smoothed (low-pass filtered) to reduce background noise. For the molecular mechanical simulations 
which support the STM study, two different software packages were used. First, for quick 
verification of proposed structural models by ‘trial-and-error’ simulations, the program DS Viewer 
Pro 5.0 complemented by the Dreiding conformer package from Accelrys was used. Furthermore, 
the semi-empirical quantum-chemical method PM6-DH+ 49, 50 as included in the program 
MOPAC2012 51 was used to optimize energetically the internal molecular structure, intermolecular 
arrangement, and periodic unit cell starting from the experimental results, and also it was used to 
calculate the intermolecular interaction energy of the 2D molecular structures. PM6 was very 
successful for the calculation of molecular geometries; however, this method is known to have 
severe problems in describing non-covalent intermolecular interactions 50. Several empirical 
corrections were developed to account for the London dispersion interaction and, especially, to 
greatly improve the description of hydrogen bonding, which still remains problematic for some 
special systems 50. These approaches were fitted to the results gained from computationally vastly 
more expensive high-level first-principle methods. Therefore, PM6-DH+ can give dimer geometries 
and interaction energies with high accuracy 50, 51. The intermolecular interaction (or binding) energy 
is calculated by subtracting the heat of formation of the structure with N interacting molecules in 
the simulation cell from the heat of formation of N single isolated molecules: ΔEint = N·ΔHfmolecule - 
ΔHfstructure. We estimate the accuracy error for these calculated energies to be around ± 4 
kJ/(mol·nm2). Density Functional Theory (DFT) calculations were carried out using the Gaussian 
03 program and the hybrid exchange-correlation functional B3LYP 52. (DFT and PM6-DH+ 
calculations were carried out by Lars Smykalla, Solid Surface Analysis Group, TU-Chemnitz) 
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CHAPTER 4:  DEPOSITION TEMPERATURE‒ AND SOLVENT-DEPENDENT 
2D SUPRAMOLECULAR ASSEMBLIES OF TRIMESIC ACID AT 
THE LIQUID-GRAPHITE INTERFACE REVEALED BY STM 
  
Trimesic acid (1,3,5-benzenetricarboxylic acid, 1,3,5‒C6H3(COOH)3, TMA) represents a 
widely used model system for studying supramolecular self-assembling. It is a planar molecule with 
three-fold symmetry consisting of three carboxyl groups (–COOH) attached to a benzene ring. TMA 
is known to assemble in various adsorbate structures, and the most characteristic motif identified 
therein is a planar honeycomb network structure formed through the dimerization of carboxyl groups 
1, 2, 3, 4. We investigated the self-assembly of TMA at the solution-graphite interface by using STM. 
We show that the polymorphism of the adsorbate structures of TMA can be controlled by the 
substrate temperature during the deposition of the molecules out of the solution for various solvents 
of different polarity. TMA was dissolved in phenyloctane, octanoic acid, and undecanol. At elevated 
substrate temperatures, various periodic assemblies of TMA could be obtained. By increasing the 
temperature of the pre-heated substrate, the specific 2D supramolecular network structure and the 
corresponding packing density can be precisely tuned in each kind of the solvents studied. The 
results found are explained by the increased concentration of the solution at the pre-heated substrate 
as well as the higher mobility of the solute molecules increasing the opportunity of interactions 
between the molecules, in particular different hydrogen bonding motifs. The interpretation is 
supported by simulations for each structure using the semi-empirical quantum-chemical method 
PM6-DH+. 
 Parts of the results presented in this chapter were published in: D. C. Y. Nguyen, L. 
Smykalla, T. N. H. Nguyen, T. Rüffer, M. Hietschold, J. Phys. Chem. C, 2016, 120, 11027–11036. 
Results and discussion 
4.1 Hydrogen bonding motifs of trimesic acid molecules 
 The three energetically most favorable H-bonding motifs of TMA molecules calculated with 
the semi-empirical method PM6-DH+ are shown in Figure 4.1. We will show that these 
arrangements appear as the basic structural units in the self-assembled 2D structures of TMA. The 
corner-to-corner dimer of TMA (Figure 4.1a), where two strong hydrogen bonds between the two 
carboxyl groups are formed, has with 0.408 eV clearly the highest interaction energy per molecule. 
The distance between the two oxygen atoms in the O–H···O bond is 2.67 Å and the H···O distance 
is 1.62 Å, which is in very good agreement to the values expected for a O–H···O bond 5, 6, 7. We 
calculated an optimal angle of 126.4° between the carbon atom of the carboxyl group and the linear 
H-bond (O–H···O=C) using PM6-DH+. The side-to-side TMA dimer (Figure 4.1b) has a calculated 
interaction energy per molecule of 0.373 eV and is, therefore, energetically slightly less favorable 
than the corner-to-corner dimer of TMA. This is because H-bonding is typically a directional 
interaction whereby here the H atom points toward the electron lone pair of oxygen with its partial 
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negative charge, and the angle between O–H···O=C is not ideal anymore in the side-to-side dimer. 
But this dimer allows more densely packing of the TMA molecules, which increases the dispersion 
interaction and makes additional (weak) H-bonding between a hydrogen atom bonded to the benzene 
and an oxygen atom possible. Furthermore, a triangular H-bonding between three TMA molecules 
is found to be favorable (Figure 4.1c) with an interaction energy per molecule of 0.346 eV. This 
arrangement is, thus, the energetically least favorable of these calculated H-bonding motifs, which 
is because the distance of the two O atoms increased to 2.8 Å and the angle between O–H···O=C is 
nearly 180° instead of the optimal angle encountered in the corner-to-corner dimer. Nevertheless, it 
should be noted that this trimer H-bonding still corresponds to a favorable interaction between TMA 
molecules. All these motifs are expected to be found in the experimentally studied adsorption 
patterns. 
 
Figure 4.1 The most favorable basic hydrogen-bonded arrangements of TMA molecules: (a) 
corner-to-corner dimer, (b) side-to-side dimer, (c) trimer with triangular H-bonding 
motif. The intermolecular interaction energy (ΔEint) per molecule (N) calculated with 
the semi-empirical method PM6-DH+ is given underneath the corresponding optimized 
geometries. 
  
4.2 TMA deposited from solution in octanoic acid 
 By using octanoic acid as solvent, different network structures formed from TMA can be 
achieved in a controlled manner by adjusting the substrate temperature during deposition of the 
solution, as summarized in Figure 4.2. The measured and calculated parameters of the unit cell for 
each structure are summarized in Table 1. 
To estimate how energetically favorable the formation of a specific polymorph at the interface 
is, the Gibbs energy has to be considered 8. Upon adsorption of the TMA molecules on graphite and 
restriction of their molecular motion within the monolayer, the translational, rotational, 
conformational, and vibrational entropy is reduced compared to the entropy contribution within the 
solution environment 9. On the other hand, the enthalpy on the surface is decreased compared to the 
solvation enthalpy because of the higher intermolecular interaction in an ordered structure and also 
due to the adsorption energy for the solute physisorbed on the substrate. The change in entropy 
Deposition temperature-dependent self-assembly of TMA  
‒ 54 ‒ 
between different polymorphs is expected to be small because the motion of the molecules is always 
restricted in a similar way inside the adsorbate structures. To compare the observed structures with 
their different unit cells and number of molecules N in it, we calculated the packing density, the 
intermolecular interaction energy per molecule, and the intermolecular interaction energy per area 
(Table 1). The latter is related to the change in enthalpy, and therefore can be a measure for the 
stability of the polymorph. For the graphite substrate, a higher packing density can typically also be 
associated with a larger absolute value of the total adsorption energy of the monolayer on the 
substrate. 
 
Figure 4.2  STM constant height images of identical scale (13 nm × 13 nm) of the different 
networks of TMA molecules formed from a TMA-octanoic acid solution in the 
indicated ranges of substrate temperature. The temperature during sample preparation 
was varied in steps of 10°C with STM images collected for each temperature. (a) 
chicken-wire structure (U = 1.3 V; I = 1.0 nA), (b) filled chicken-wire structure (U = 
1.4; I = 1.0 nA), (c) flower structure (U = 1.5 V; I = 1.0 nA) and (d) filled flower 
structure (U = 1.4 V; I = 1.0 nA) at the top and the corresponding models below, 
respectively. Hexagons in the STM images depict the hydrogen-bonded rings 
consisting of six TMA molecules constituting the network. The measurements were 
always performed at room temperature. 𝐴 and ?⃗⃗? are the two vectors of the unit cell, 
and α is the angle between them. 
 In the temperature range of 40°C to 50°C during deposition, the basic chicken-wire 
framework is still observed but now the centers of the hexagons do not appear any longer as dark 
depressions in the STM image but show a further more or less central protrusion (Figure 4.2b). This 
means that additional TMA molecules are adsorbed on the graphite partially filling all the cavities. 
Previous studies showed also that the chicken-wire structure may act as a template for the adsorption 
of further small guest molecules inside the nano-cavities 1, 10, 11, 12. The inclusion of a further TMA 
molecule per cavity does not alter the structure and size of the cavities. Filling of cavities leads 
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however to an increase of the packing density to around 1.2 molecules/nm2. Because the cavity area 
is larger than the size of a single TMA molecule, it can move inside, and it has been observed in 
various positions forming weak H-bonds to the chicken-wire framework 1, 12. Although |ΔEint| per 
area is increased compared to the network with empty cavities (Table 1), the calculated average 
interaction energy per molecule decreases by 0.15 eV due to the inclusion of more weakly bound 
guest molecules (|ΔEint| per molecule = 0.93 eV). A possible reduction in Gibbs energy of the whole 
system by an inclusion of TMA guests in the cavities compared to a system consisting of a 
framework with empty cavities and the additional molecules still dissolved in solution is likely very 
small and this effect may have various reasons. 
 Starting at 40°C of the substrate during sample preparation, also a further different pattern 
is found in STM (Figure 4.2c). This structure also consists of hexagonal arrangements of hexagons 
with a TMA molecule at each corner, but here the hexagons are separated from each other by 
elongated small voids which surround each hexagon. This results in a significantly increased 
periodicity of (2.6 ± 0.1) nm. This pattern of TMA is called "flower" structure 1, 2, 13. In the calculated 
model in Figure 4.2c, it can be seen that each TMA molecule forms H-bonds in the favorable corner-
to-corner motif with two other TMA molecules to create the hexagons, and the hexagons are 
interconnected by triangular H-bonding between three carboxyl groups (shared by 3 TMA 
molecules, red circles in Figure 4.2c). These results in a significantly increased packing density as 
well as |ΔEint| per area of the flower structure compared to the chicken-wire structure (Table 1), 
however at the cost of the intermolecular interaction energy per molecule which is 1.05 eV slightly 
lower compared to the chicken-wire structure. 
Table 1.  Values for the parameters of the unit cell for the different structures of TMA at 
the octanoic acid and phenyloctane/ HOPG interface obtained from the STM 
experiment and the PM6-DH+ simulation (*).  
Structure Method 
A 
[nm] 
B 
[nm] 
α 
[deg] 
Packing density 
[molecules/nm²] 
|ΔEint| / N |ΔEint| / area  
   
Chicken-wire exp. 1.7 ± 0.1 1.7 ± 0.1 60 ± 1 0.8 ± 0.1    
  calc. 1.68 1.68 60.0 0.82 
1.08 eV 
(104.2 kJ/mol) 
0.89 eV/nm² 
(85.8 kJ/(mol∙nm²)) 
 
Filled chicken- exp. 1.7 ± 0.1 1.7 ± 0.1 60 ± 1 1.20 ± 0.14    
wire calc. 1.68 1.68 60.0 1.23 
0.93 eV 
(89.3 kJ/mol) 
1.14 eV/nm² 
(109.9 kJ/(mol∙nm²)) 
 
Flower exp. 2.6 ± 0.1 2.6 ± 0.1 60 ± 1 1.03 ± 0.08    
  calc. 2.64 2.64 60.0 0.99 
1.05 eV 
(101.3 kJ/mol) 
1.04 eV/nm² 
(100.2 kJ/(mol∙nm²)) 
 
Filled flower exp. 2.6 ± 0.1 2.6 ± 0.1 60 ± 1 1.20 ± 0.09    
  calc. 2.64 2.64 60.0 1.16 0.99 eV 1.14 eV/nm² 
 
      (95.2 kJ/mol) (110.0 kJ/(mol∙nm²))  
Zigzag dimer  exp. 0.9 ± 0.1 1.8 ± 0.1 86 ± 2 1.24 ± 0.19    
chain calc. 0.84 1.87 87.5 1.28 0.90 eV 
(86.8 kJ/mol) 
1.16 eV/nm² 
(112.3 kJ/(mol∙nm²)) 
 
(*) The errors were estimated depending on the quality and the number of images used for 
averaging. 
Deposition temperature-dependent self-assembly of TMA  
‒ 56 ‒ 
 According to literature, TMA solved in fatty acids (Cn-1H2n-1COOH) at the LSI to HOPG is 
self-assembled in the following way: for long chain length (n > 7), there is always the chicken-wire 
structure, for short chain length (n < 7) is always the flower structure, and only for n = 7 co-existence 
of both structures is observed 2. Our results show that deposition of TMA in octanoic acid on HOPG 
is not limited to only one structure but it can be tuned to the flower structure by heating of the 
substrate during deposition from the solution, which is similar to the effect of ultra-sonication 
reported previously 14. Likely this will also be possible for fatty acids with a longer chain length. Ye 
and coworkers 13 found for TMA on Au(111) under UHV conditions that at low surface coverage 
first the chicken-wire structure is formed, and with increasing number of molecules on the surface, 
the flower and subsequently related structures with an increasing portion of triangular H-bonded 
molecules (see Figure 4.1c) are formed until finally the monolayer transformed into the dense 
hexagonal phase with only trimer H-bonding. 
 
Figure 4.3 The image series of evaporation of the solvent are inevitable according to our 
experimental observations. A drop of the TMA/octanoic acid solution (about 5 μl 
marked by blue arrow) was deposited on the 50°C preheated surface of a piece of 
freshly cleaved HOPG (5×5 mm², the same piece as used for STM measurement). The 
volume of the solution on the sample was measured both before and after heating for 
14 min (HOPG surface indicated by a dot red line). This experiment shows that ca. 50% 
of the solution evaporated after heating in 10 minutes. Therefore, the TMA 
concentration in the octanoic droplet on the substrate must increase with time. 
           Dropping the solution on a pre-heated substrate has a very prominent effect. The evaporation 
rate of the solution is significantly increased with increasing temperature. This becomes evident 
simply from watching the changing volume of the droplet of solution after it has been deposited on 
a heated substrate. For example, after heating at 60°C for 10 min, before cooling down to room 
temperature, only a thin liquid layer on HOPG remains from the 5 µl droplet (see Figure 4.3). This 
means that many solvent molecules evaporated, which drastically raises the concentration of the 
solute in the remaining solution above the initial concentration of saturation. It was demonstrated 
previously that at lower concentration more loosely packed and at higher concentration more densely 
packed structures are favored 11, 15. This can be explained by the dynamic equilibrium of the 
chemical potential in the solution layer with the chemical potential in the layer of the adsorbed 
molecules, which results in an increased average number of TMA molecules at the HOPG surface 
with increased concentration. Consequently, the filling of the cavities of the chicken-wire structure 
of TMA in octanoic acid occurs because the evaporation of solvent molecules was speeded up during 
heating and the concentration in the remaining droplet increased. The transformation of the chicken-
wire into the flower structure with higher packing density at increased substrate temperature is, 
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therefore also, due to the increased concentration of the remaining solution and consequently also 
increased concentration of TMA molecules adsorbed at the LSI. However, the flower structure has 
a slightly reduced packing density compared to the filled chicken-wire structure that was also found 
coexisting for a substrate temperature of 40°C to 50°C. Therefore, the concentration alone is not 
sufficient to explain all the structural changes observed. 
At higher temperature, the mobility of the molecules in the liquid phase as well as the 
diffusion and rotation of the molecules adsorbed on HOPG at the LSI increases so that it becomes 
easier for TMA molecules to agglomerate and to arrange correspondingly for a favorable H-bonding 
motif in order to reach a thermodynamically favored structure. The kinetically controlled growth of 
the interfacial monolayer starts when the droplet comes in contact with the substrate and the very 
first molecules become adsorbed and aggregate forming a seed. The nucleation process and the 
following growth of one polymorph are usually in competition with kinetic blockades resulting in 
domains and in the initial formation of possibly meta-stable arrangements with a high nucleation 
and growth rate 12. The increased temperature during the structure formation helps to overcome such 
limitations and, consequently, a more favorable assembly with lower Gibbs energy of the system 
might be attained. We propose that the filled chicken-wire structure (with higher packing density) 
is kinetically stabilized and the flower structure thermodynamically favored because it incorporates 
additional TMA molecule in the new network to increase the packing density compared to the empty 
chicken-wire structure. Furthermore, starting the deposition at even higher temperature of 60°C 
again a higher concentration of TMA adsorbates occurs and the centers of the hexagons of the flower 
structure clearly show a protrusion in the STM image (Figure 4.2d), which means that the cavities 
of the hexagons are again occupied with weakly bonded TMA guest molecules. This structure is 
formed by a similar host–guest mechanism as discussed above for the filled chicken-wire structure 
1, 12. 
4.3 TMA deposited from solution in phenyloctane 
 1-phenyloctane is well suited as a solvent for in situ STM because of its hydrophobic, highly 
insulating, and poorly volatile nature. Phenyloctane is a very non-polar solvent, and enables only 
van der Waals and no electrostatic or H-bonding interactions with TMA solute. Due to the relatively 
weak interaction between TMA and phenyloctane, the solubility of TMA molecules in this solvent 
and, consequently, the saturation concentration is expected to be very low. Because of this, no self-
assembled structure of TMA on HOPG could be observed from this solution without further 
treatment. However, previously it was found that after increasing the concentration of TMA in 
phenyloctane by ultra-sonication of the saturated solution, a self-assembled structure can be formed 
at the LSI on graphite 16. Interestingly, our experimental results show that also an ordered monolayer 
can be obtained for elevated substrate temperatures during deposition instead of using 
ultrasonication, and the molecules can be obtained from the un‒sonicated solution, and the 
molecules can self-assemble into different periodic structures depending on the selected 
temperature, as shown in Figures 4.4 and 4.5. 
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Figure 4.4  STM constant height images: (a) (25 nm × 25 nm U = 1.25 V; I = 1.2 nA) of zigzag 
dimer chains structures of TMA at the phenyloctane/HOPG(0001) interface for a 
substrate temperature during sample preparation in the range from 50°C to 80°C. The 
gray inset in (b) is the mesh average of the STM image. The corresponding model of 
the structure is shown below (c). The zigzag dimer chains are marked by green lines, 
an apparent row of molecules in the structure is indicated by a gray rectangle. 
Starting at a substrate temperature of 50°C during deposition until to the highest investigated 
temperature of 80°C, we observed that TMA assembles into a structure shown in Figure 4.4 which 
is very different from those previously discussed for octanoic acid. A mesh average of the STM 
image, which was created by using WSxM 17, is shown in the gray inset of Figure 4.4b. Thereby, a 
mesh is defined precisely by the periodic unit cell and the contrast in the original STM image is 
averaged over the equivalent cells of the mesh. This procedure can help to identify real details of 
the structure if the image is noisy. In the typical constant height STM image, this structure of the 
monolayer of TMA appears as a linear arrangement of protrusions (apparent row marked gray in the 
model of Figure 4.4), whereby each dot has the size of one single TMA molecule and molecules in 
every second row appear sometimes slightly brighter than the others. The nearly rectangular unit 
cell (α = (86 ± 2)°) is indicated by the black rectangle in Figure 4.4b. The lattice parameters measured 
from the distances between the bright dots are A = (0.9 ± 0.1) nm and B = (1.8 ± 0.1) nm. A structure 
of TMA on HOPG with a similar appearance (but slightly higher resolution) and the same periodicity 
was reported previously for deposition out of a long-term ultra-sonicated TMA–phenyloctane 
solution, where it has been named "zigzag dimer chain" structure 16. The measured and calculated 
parameters of the unit cell of this structure of TMA are included in Table 1. The lattice parameters 
of the model structure from the PM6-DH+ simulations agree very well with the experimental values 
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of the unit cell. Our calculated model of this structure, which is also in agreement with that of 16, is 
shown in Figure 4.4c below the STM image. The TMA molecules form zigzag chains along one 
direction due to the strong corner-to-corner H-bonding between the molecules (blue circles in Figure 
4.4c). Thereby, the TMA molecules within such a zigzag chain are alternatingly rotated by 180° 
with respect to each other. The zigzag chains (marked with green lines in Figure 4.4c) show only 
weaker H-bonding between each other to form the 2D lattice. The apparent rows observed in the 
STM image (marked gray in the model of Figure 4.4c) are perpendicular to zigzag dimer chains. As 
reported previously, these rows appear to be not equidistant 16. This can also be seen in the gray 
mesh averaged image in Figure 4.4b. It should be noted that apparent height in a STM constant 
height image could also be influenced by an electronic effect. Therefore, the brighter protrusions 
which seem to be not exactly in the center between two rows of molecules could be explained by 
several reasons: (1) different electronic coupling of the molecules to the substrate due to different 
alternating adsorption sites, (2) the asymmetric H-bonding between the zigzag chains which occurs 
with the carboxyl group of TMA pointing always only on one side of the TMA molecule in the 
adjacent chain (marked by pink ellipse in Figure 4.4c).  
Very surprisingly, also STM images corresponding to the chicken-wire structure and filled-
flower structure could be observed from time to time (roughly estimated in 20% of the experiments) 
for the elevated substrate temperatures during the initial deposition (Figure 4.5). Although these 
structures of TMA are typical observed in the solution TMA/alkanoic acids 2, 18, they have so far 
never been reported in literature to occur when using phenyloctane as solvent. The first appearance 
of an ordered structure of TMA is found for a substrate temperature of 40°C. As shown in Figure 
4.5a, occasionally a hexagonal arrangement of bright dots with a distance d between neighboring 
bright dots of ≈ 1.7 nm is imaged. This periodicity indicates the chicken-wire structure. The STM 
image shows a brighter contrast in the cavity as compared with the rest when compared to the model 
of the chicken-wire structure. If the color scale is reversed, the TMA molecules forming the 
hexagonal circles of the chicken-wire structure are clearly visible (small grey inset in Figure 4.5a). 
This phenomenon of contrast reversal could be observed sometimes when measuring in 
TMA/octanoic acid but very often in TMA/phenyloctane for 40°C to 60°C. It is known that STM 
imaging of molecules with reversed contrast can occur when e.g. the tunneling conditions change or 
a molecule is temporarily adsorbed on the tip 19. When the HOPG substrate was heated up to around 
65°C during the sample preparation, the measured STM image (Figure 4.5b) occasionally shows a 
hexagonal pattern of big protrusions with a distance of d = (2.60 ± 0.05) nm. The periodicity fits 
very well to the previously discussed filled flower structure of TMA. The protrusions appear not 
circular but have a slightly pronounced triangular shape as can be seen in Figure 4.5b. When 
compared to the typical contrast of the filled flower structure in Figure 4.2d, it can be seen in the 
zoomed-in area shown in Figure 4.5c that three TMA molecules appear brighter (marked by blue 
circle) and four TMA dimmer (marked by white circle) for each hexagon of the flower structure 
with the guest TMA nearly in the center. This distorted contrast could be because of electronic 
coupling to the HOPG substrate in the case of well-defined epitaxy, which became visible under the 
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tunneling conditions used. In the temperature range of 50°C to 70°C, the zigzag dimer chain 
structure coexists with the chicken-wire or filled-flower structure, but no high-resolution images of 
domain boundaries between both structures could be obtained. The zigzag dimer chain structure was 
always the dominant structure for the TMA/phenyloctane solution observed in roughly 80% of the 
measurements, and at higher initial substrate temperature from 70°C to 80°C, only the zigzag dimer 
chain structure was obtained. 
 
Figure 4.5  STM images of TMA at the phenyloctane / HOPG interface for different substrate 
temperatures during sample preparation. (a) chicken-wire structure and the STM image 
in grey inverse contrast in the inset in lower right the corner. (15 nm × 15 nm, U = 
1.1V, I = 1.0 nA). (b) a large scale image of the structure found occasionally from 60°C 
to 70°C (40 nm × 40 nm, U = 1.25 V, I = 1.2 nA). (c) zoom-in of this high temperature 
structure (8 nm × 8 nm) with circles corresponding to single TMA molecules in the 
filled flower structure overlaid. The models of each structure are shown below with the 
distance d between the centers of adjacent TMA hexagons.  
The occurrence of these structures can again be explained by the increasing concentration of 
TMA at the interface upon increasing the substrate temperature during the initial deposition due to 
evaporation of the solvent. Consequently, first the concentration is raised high enough at 40°C so 
that a monolayer of the chicken-wire structure with its low packing density can be formed. Starting 
at 50°C, the TMA concentration is already high enough to result in the more densely-packed zigzag 
dimer chain structure, but due to kinetic limitations the chicken-wire structure can still prevail and 
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is observed seldom. The packing density of the zigzag dimer chain structure is only slightly higher 
than that of the filled-flower structure (see Table 1) which could be the reason why the latter could 
also be found at relatively high substrate temperatures. From the energetic point of view, the zigzag 
dimer chain structure is with a calculated interaction energy |ΔEint| per area of 1.16 eV/nm² very 
favorable but its |ΔEint| per molecule of 0.90 eV is slightly lower the filled-flower structure with 
|ΔEint|/N = 0.99 eV. Based on these results, we also predict the other structures discussed previously 
like the filled-chicken wire and (empty) flower structure should occasionally occur for TMA 
deposited from solution in phenyloctane if the required initial substrate temperature is sufficiently 
fine adjusted. 
 
4.4 TMA deposited from solution in undecanol 
 For the solution of TMA in 1-undecanol, it is found that linear patterns are formed at the 
LSI to HOPG, which are depicted in Figure 4.6. The measured and calculated parameters of the unit 
cell for these structures are summarized in Table 2. The patterns consist of tapes with a double-row 
of protrusions corresponding to pairs of flat lying TMA molecules. These tapes are separated from 
each other by lamellae whose fine lines correspond to single undecanol molecules. Although the 
adsorption energy of TMA molecules lying parallel with the benzen ring to the graphite surface 
should be higher than that for adsorbed chain-like solvent molecules, the coadsorption seems to be 
thermodynamically preferred due to the strong TMA–undecanol H-bonding interaction 20. Such 
linear patterns are well investigated and in previous studies it was found that the zigzag carbon 
backbone of the alcohol molecules with an even number of carbon atoms prefers to lie with the 
zigzag plane parallel to the surface of HOPG, whereas for alcohol molecules with an odd number of 
carbon atom as undecanol ‒ the adsorption geometry with the zigzag plane orthogonal to the 
substrate is preferred 21. The angle of the alcohol molecules relative to the lattice vectors of the unit 
cell was also found to depend on the length of their carbon chain and its adsorption geometry 20, 21. 
             Ranging from room temperature during the sample preparation up to 40°C during 
deposition, a linear pattern structure with the long vector of the unit cell of B = (3.5 ± 0.1) nm and 
an angle of the undecanol alkyl chain with respect to ?⃗⃗? of around β =(8 ± 3)° is found by STM 
(Figure 4.6a). The TMA dimers are parallel to each other within the dimer tape and nearly 
perpendicular to the short side of the unit cell which has an angle α of ca. 82°. This structure was 
already observed previously for TMA in undecanol for room-temperature and our measurements are 
in agreement with this work 20, 21. Accordingly as found before, the undecanol chains should be 
adsorbed with their backbone plane orthogonally relative to graphite and the TMA dimers form the 
very favorable corner-to-corner H-bonding motif, which is shown in the model in Figure 4.6a. The 
structural model optimized using PM6-DH+ shows that the –OH end group of each undecanol 
molecule is slightly bended out of the plane of the zigzag chain in order to form H-bonds to two 
carboxyl groups of TMA which results in a very favorable circular H‒bonding motif (dotted pink 
circle in the model in Figure 4.6a). 
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Figure 4.6  STM constant height images of coadsorption patterns of TMA and undecanol at room 
temperature (a), and at 50°C (b) of the substrate temperature during sample preparation. 
(10 nm × 10 nm; U = 1.2 V; I = 1.2 nA). The structural models for the molecular pattern 
are shown below the corresponding STM images. The triangles and circles in the STM 
images depict single TMA molecules and blue lines depict single undecanol molecules. 
 If the substrate was heated to 50°C during deposition, a slightly different pattern of TMA 
coadsorbed with undecanol is found (Figure 4.6b). Now the angle of the alcohol chain relative to 
the unit cell vector ?⃗⃗? is increased to β = (28 ± 3)° and B decreased to (3.3 ± 0.1) nm. Furthermore, 
the TMA molecules in the tape show a slightly triangular shape due to the symmetry of the molecule, 
and the TMA dimer appears now to be oriented side-to-side with one edge pointing to the lamella. 
Our simulation of this linear pattern with the side-to-side motif of the TMA dimers is shown in 
Figure 4.6b below the corresponding STM image. Each hydroxyl group of undecanol is H-bonded 
to one carboxyl group of TMA and the chains in the lamella are arranged with a larger angle β in 
agreement with the experiment. Compared to the linear pattern found for temperatures from 20°C 
until around 50°C, the packing density of the second coadsorption structure formed starting at 50°C 
is slightly increased (Table 2) possibly due to an increased TMA concentration at higher substrate 
temperature as discussed before. The transformation of the adsorbate structure could also indicate 
that the second pattern of TMA–undecanol results in a lower Gibbs energy and would be 
thermodynamically favored. The growth of this structure is kinetically less likely than the first linear 
pattern because the initial formation of corner-to-corner dimers of TMA is more favorable than side-
to-side dimers. 
Deposition temperature-dependent self-assembly of TMA  
‒ 63 ‒ 
Table 2 Values for the parameters of the unit cell for the different structures of TMA 
solved in undecanol deposited at the LSI to HOPG as obtained from the STM 
experiment and the PM6-DH+ simulation. 
Structure Method 
A 
[nm] 
B 
[nm] 
α 
[deg] 
ß 
[deg] 
P.D of TMA 
[molecules/nm²] 
|ΔEint| / N |ΔEint| / area 
  
TMA− 
undecanol a) exp. 1.0 ± 0.1 3.5 ± 0.1 82 ± 3 8 ± 3 0.58 ± 0.08 
  
 calc. 0.92 3.49 81.3 1.03 0.63 
0.82 eV 
(79.0 kJ/mol) 
1.03 eV/nm² 
(99.1 kJ/(mol∙nm²)) 
TMA− 
undecanol b) exp. 1.0 ± 0.1 3.3 ± 0.1 82 ± 3 28 ± 3 0.61 ± 0.08 
  
 calc. 0.95 3.28 83.1 26.3 0.65 
0.82 eV 
(79.4 kJ/mol) 
1.06 eV/nm² 
(102.3kJ/(mol∙nm²)) 
TMA-trimer   exp. 1.8 ± 0.1 2.6 ± 0.1 75 ± 3 --- 1.33 ± 0.15   
 calc. 1.90 2.64 75.3  1.24 
0.87 eV 
(83.8 kJ/mol) 
1.08 eV/nm² 
(103.8 
kJ/(mol∙nm²)) 
 
Beginning at a high substrate temperature of 75°C, still the previously discuss coadsorption 
structure but also a novel close-packed structure of small bright dots is observed, which consists 
only of TMA molecules only. A STM image of a domain boundary between the coexisting phases 
of the linear pattern (1) and the novel "TMA-trimer structure" (2) is shown in Figure 4.7. Similar to 
the linear pattern of the coadsorption structure (Figure 4.6a), tapes of TMA dimers with the corner-
to-corner H-bonding motif can also be seen in the mesh average of the STM image of this new 
structure (Figure 4.7); however, the distance between these dimer tapes is smaller and instead of 
undecanol molecules further TMA molecules interconnect them. In the direction of 𝐴, every second 
molecule appears to be slightly displaced relative to the others (indicated by yellow triangles in the 
mesh-averaged image in Figure 4.7) which results in a large unit cell consisting of six molecules. 
Lattice parameters of A = (1.8 ± 0.1) nm, B = (2.6 ± 0.1) nm, and α = (75 ± 3)° are measured. The 
proposed model for this structure derived from the STM images and refined by theoretical simulation 
is presented on the right side of Figure 4.7. Each TMA molecule which interconnects the dimer tapes 
forms also H-bonds to a –COOH group of such a dimer with the energetically very favorable corner-
to-corner H-bonding motif, thus forming a TMA trimer. This motif is indicated by the green lines 
in Figure 4.7. These TMA trimers are then connected with each other by further (less favorable) 
hydrogen bonding (marked by pink ellipses in the calculated model in Figure 4.7). Therefore, this 
resulting pattern is named TMA-trimer structure. The packing density of TMA adsorbed on the 
graphite surface in the TMA-trimer structure is obviously higher than for the linear patterns from 
coadsorption. Therefore, the reason for the formation of this structure is very likely because of the 
strongly increased evaporation of undecanol at 75°C, which significantly raises the concentration of 
TMA at the interface. The arrangement of the TMA trimers could also be considered to be a 
kinetically induced intermediate structure between the dimer tapes of the linear pattern and the 
previously discussed zigzag dimer chain structure (Figure 4.4), whereby the TMA trimers are not 
yet connected to form the energetically more favorably zigzag dimer chains. Also, from the energetic 
point of view, this TMA-trimer structure is with a calculated interaction energy |ΔEint | per area of 
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1.08 eV/nm² more favorable than the first and the second TMA-undecanol structures with 1.03 
eV/nm² and 1.06 eV/nm², respectively.  
  
Figure 4.7  STM constant height image (25 nm × 25 nm; U = 1.3 V; I = 1.0 nA) of coadsorbed 
TMA and undecanol molecules obtained after deposition from a solution at a substrate 
temperature of 75°C on HOPG (0001). Two ordered phases can coexist: (1) is the 
second coadsorption structure (Figure 4.6b) of TMA and undecanol, (2) is the TMA-
trimer structure. The mesh-averaged image of the TMA-trimer structure (gray) and the 
proposed model of this structure are shown on the right side. The green lines mark 
TMA trimers in which the molecules are connected by the corner-to-corner H-bonding 
motif (dotted blue circles). 
4.5 Discussion of the solute–solvent interactions  
          The effect of the nature of the solvent on the deposited structures can be explained by 
considering its polarity which leads to differently strong molecular solute–solvent interactions 
relative to the solute–solute interaction and, hence, also a different solubility of TMA in these 
differently polar solvents 14. In the almost completely non-polar phenyloctane the interaction with 
the TMA molecules is weak and, therefore phenyloctane does not interfere by coadsorption leading 
to a structure comprised only of TMA. The high solvation enthalpy is readily traded for the much 
lower adsorption enthalpy, and thus the gain in Gibbs energy is high if TMA molecules adsorb at 
the interface to graphite and interact with each other. Consequently, hydrogen-bonded networks of 
TMA with high packing density are formed, although the initial saturation concentration of the 
solution was relatively low due to the low solubility of TMA in phenyloctane. 
           On the other hand, for the moderately polar octanoic acid, the solvation enthalpy of TMA 
molecules in the solution seems to be similar to the enthalpy of interacting TMA molecules in a 
monolayer adsorbed on HOPG ΔHsol-monolayer small, see in Figure 2.5. This is because in the solution 
the octanoic acid molecules (–COOH functional group) can also form H-bonds to TMA comparable 
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in strength to the TMA–TMA H-bonding. The entropy would be larger in the case of dissolved 
solute molecules in the solvent environment because of the higher mobility, but conversely the van 
der Waals interaction of TMA with graphite introduces an additional adsorption enthalpy 
contribution. Although the solubility and, consequently, the saturation concentration of TMA in 
octanoic acid is higher than in phenyloctane, the minimization of the Gibbs energy of the complete 
surface−liquid system favors then the formation of the chicken-wire and flower networks with their 
low packing densities but high intermolecular interaction energy |ΔEint| per molecule due to the most 
favorable corner-to-corner H-bonding motif. 
            Undecanol is the most polar of the solvents studied here. The –OH functional group of 
undecanol can easily connect with a C=O acceptor group of a TMA molecule and form strong H-
bonds. This results in the solute−solvent H‒bonding energies to be significantly higher than the 
solute−solute H‒bond interaction and, hence, undecanol preferably coadsorbs together with TMA 
at the interface to graphite. 
4.6 Effect of the deposition substrate temperature on the formation of ester at the LSI of TMA 
in undecanol 
 
Figure 4.8  STM constant height images of monoester obtained from TMA-undecanol solution on 
HOPG (0001) for initial substrate temperatures of 60°C – 80°C (U = +1.2 V, I = 1.3 
nA). (a) A large scanning area 17 nm × 17 nm, the parallelograms depict the unit cell 
of the structure, A and B are the corresponding unit cell parameters. (b) The force field 
optimized geometry of the monoester TMA-undecyl structure overlaid on a zoom-in 
STM image (5 nm × 5 nm). (c) The proposed reaction of the ester formation from TMA 
and undecanol.  
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In the previous sections, the STM study on the adsorption of TMA solved in undecanol on 
HOPG (0001) at different substrate temperatures, the different coadsorption structures of TMA and 
pure undecanol forming linear patterns were observed. Surprisingly, the formation of TMA-undecyl 
monoesters during the self-assembly of TMA and undecanol at the interface starting at 60°C (Figure 
4.8 below) was also seen. The most common route of esterification is using a carboxylic acid which 
is heated with an alcohol in the presence of a dehydrating agent as a catalyst. Normally, dehydrating 
agents like sulphuric acid or sulphonic acid are used in conditions for esterification from organic 
acids under high temperature usually in the range of 50°C to 80°C 22, 23, 24. The reaction is typically 
slow and highly reversible without a catalyst and the temperature plays the most important role in 
esterification. It is not yet clear if without any catalyst, the effect of substrate temperature is strong 
enough to be sufficient for the reaction to form the TMA-undecanol ester. Also, although an ester 
formation could be expected when mixing an alcohol and an acid, to our knowledge, ester formation 
only by heating has so far not been reported to occur directly on an inert surface.  
Starting at 60°C of the substrate during sample preparation, up to 80°C a slightly different 
pattern than for lower temperatures is found in STM (Figure 4.8). A linear pattern structure with the 
long vector of the unit cell of only B = (3.0 ± 0.1) nm and an angle of the undecanol alkyl chain with 
respect to ?⃗⃗? of around β = (16± 3)° is found by STM (Figure 4.8a). The long unit cell vector ?⃗⃗? 
decreased by ~10-15% compared to the the TMA-undecanol coadsorbed structure in the same 
substrate temperature range which was previously discussed and which unit cell parameters are 
listed in Table 2. The optimized model of the coadsorbed structure (Figure 4.8) shows that within 
the linear pattern structure, a still closer non-covalent packing is not favorable. Thus, the decrease 
in B could only be explained by a chemical reaction which has been occurred between TMA and 
undecanol molecules at the interface. Moreover, accordingly STM images which were presented 
before in part 4.4 as well as the literature 20, 21, the undecanol chains should be adsorbed with their 
backbone plane orthogonally relative to graphite. However, the undecanol chains are observed as 
linear entities with a zig‒zag geometry in the STM (marked by green oval in Figure 4.8a). We 
propose that this structure is the self-assembly of the monoester TMA-undecyl, which was 
spontaneously formed at the graphite surface at high temperature. This new structure was 
occasionally observed in repeated experiments from 60°C to 80°C or higher deposition temperature. 
Our proposed model that was refined by simulations is shown in Figure 4.8b. As shown in Figure 
4.8c, the formation of a monoester from a TMA and undecanol would significantly reduce the length 
of unit cell ?⃗⃗?. 
The mechanism of the Fischer esterification reaction of carboxylic acids with alcohols is 
shown in Figure 4.9. This is a typical reversible reaction in which the products and reactants are in 
equilibrium. The relative amount of  products and reactants can be influenced using Le Chatelier's 
principle 26, which says that whenever a system in equilibrium is disturbed by a change in 
concentration, temperature, volume, or pressure, then the system readjusts itself to counteract the 
effect of the applied change and a new equilibrium is established. This means that by e.g. changing 
the concentration of one of the substances, the equilibrium will shift to the side that would reduce 
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that change in concentration. The equilibrium is shifted to the side of ester formation by either 
removing one product from the reaction mixture (for example, removal of the water by a zeotropic 
distillation or absorption by molecular sieves) or by employing an excess of one reactant. 
 
Figure 4.9 The mechanism of the Fischer esterification: The Lewis or Bronstedt acid-catalyzed 
reaction of carboxylic acids with alcohols gives esters. The products and reactants in 
the esterification reaction are in equilibrium 25. 
 
 
Figure 4.10 Energy diagram of the reaction path of TMA and undecanol to form TMA‒undecyl 
ester and water calculated using DFT (PBE). The corresponding geometry of the 
molecules in the simulation is shown for each energy point in the reaction path 
(calculation was carried out by Lars Smykalla, Solid Surface Analysis Group, TU-
Chemnitz). 
Typically the formation of ester is promoted by high temperatures. The effect of changing the 
temperature on the equilibrium, and thereby changing the heat in a system, can be understood by 
including heat in the reaction formula either on the side of reactants or the products.  This ester 
formation is found to be an endothermic reaction by using PBE‒DFT calculations. The path of the 
reaction of a TMA molecule and undecanol in gas phase to form TMA‒undecyl ester and water is 
shown in Figure 4.10.  The enthalpy of ester formation is around 0.47 eV, ΔH is positive), thus heat 
can be place on the side of the reactant in the reaction. Accoring to Le Chatelier's principle, an 
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increased heat at high temperature would then favor the forward reaction of esterification similar to 
increasing the relative concentration of the reactant. High temperature can also result in an increased 
evaporation of water that is created in this reaction, thereby removing it and pulling the equilibrium 
to the side of the ester. On the other hand, aqueous systems help the equilibrium to be established in 
the reverse direction by providing an excess of the water needed for the hydrolysis. 
A catalyst has in principle no effect on the position and composition of an equilibrium but 
speeds up equally both the forward and backward reactions at the same time. However by using a 
catalyst which is a dehydrating agent such as sulfuric acid, the equilibrium is also shifted to the side 
of the ester. No catalyst was used for the occurrence of TMA‒undecyl ester as found with STM, 
however the confinement in two dimensions at the LSI can drastically increase the frequency of 
successful collisions of TMA with undecanol which can overcome the activation energy of the 
reaction at the impact 27, especially inside the coadsorbed linear pattern. The influence of the 
substrate can also have a catalytic effect, however HOPG is very inert. So far no measurable amounts 
of the ester in the bulk liquid solution by using UV‒vis and NMR spectroscopy could be found, 
which highlights the importance of the confinement on a substrate. Moreover, it could be that the 
yield of monoester molecules formed is extremely small, but that the ester molecules are less likely 
to desorb from the LSI, which would favor in the adsorption−desorption kinetics the adsorption of 
ester compared to TMA molecules at the LSI, and results in an apparently relatively high amount of 
TMA-undecyl ester when measured with STM.  
Conclusion 
          The polymorphism of self-assembly of trimesic acid molecules at the liquid-solid interface to 
graphite was investigated for different temperatures of the pre-heated substrate during the initial 
deposition using also various solvents with different polarities. Depending on the TMA–solvent 
interaction, different adsorbate structures are formed at room temperature, which can be further 
tuned by changing the substrate temperature during the sample preparation. We suggest that an 
increased substrate temperature influences the kinetics during the initial formation of the adsorbate 
layer at the interface by increasing the mobility of the solute molecules, and also leads to an increase 
of the concentration at the LSI due to an increased evaporation rate of the solvent. This results in 
various structures of different packing density and an optimization of the total interaction energy by 
overcoming kinetic limitations. In conclusion, structural polymorphs formed at the LSI can be 
controlled by choosing the right polarity of the solvent and by heating the substrate during the 
deposition of the solute molecules from the solution. Moreover, the formation of TMA‒undecyl 
ester was found after heating to 60°C during the deposition. This esterification reaction could be 
explained by the increased heat and the confinement of the molecules at the interface. 
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CHAPTER 5:  ROLE OF CONCENTRATION ON THE SELF‒ASSEMBLY OF 
TMA AT THE LIQUID‒SOLID INTERFACE INFLUENCED BY 
STIRRING TIME 
 
The role of concentration on the self-assembly of TMA at the LSI influenced by stirring in 
different solvents (phenyloctane, octanoic acid, undecanol) will be presented and discussed in this 
chapter.  
The influence of the concentration in the solution on the concentration of solute at the LSI is 
explained in Chapter 2.3 and the literature about concentration-dependent polymorphism of 
molecular structures at the LSI is shortly reviewed in Chapter 2.4.2. Especially, a dependence of the 
self-assembly on the concentration was observed previously for TMA whereby the concentration of 
the solution was increased by ultra-sonication 1, 2. The ultra-sonication treatment works by 
cavitation: The ultrasound induces rapid changes of pressure which causes the formation of vapor 
cavities in a liquid ("bubbles"). When a bubble in a liquid rapidly implodes, an intense shock wave 
is generated. The strong forces can break the hydrogen bonds between aggregated molecules which 
results subsequently in a better intermixing of solute and solvent molecules 3, 4. It should be noted 
that ultra-sonication not only increases the concentration. The high pressure and forces during ultra-
sonication might also induce chemical reactions which change the molecules in the solution, and 
also due to the introduced energy into the liquid, the temperature of the solution can increase during 
long ultra-sonication treatment. 
Stirring is a much gentler method to increase the concentration of a solution without side 
effects because the introduced forces for the intermixing of solute and solvent are much smaller than 
in ultra-sonication. This investigation is important for the comparison with the results obtained for 
different substrate temperatures during deposition (Chapter 4), and also with previous results for the 
ultra-sonication treatment 1, 2. This should clarify if the method of increasing the concentration has 
an influence on the resulting self‒assembled pattern, and especially if changes due to the deposition 
temperature treatment are only because of increased concentration or if also other effects such as the 
higher mobility of molecules play a role. It will be demonstrated that choosing different preparation 
methods (increasing deposition temperatures, or stirring to the increase of the concentration) leads 
to nearly the same tendency in the change of the self‒assembled structures as well as the tuning of 
the packing density. 
Results and discussion  
The stirred solutions were investigated using ultraviolet–visible (UV‒vis) spectroscopy to 
quantitatively determine their concentration. The UV-vis absorption spectra of TMA in each solvent 
were measured for solutions with different stirring time ranging from 0 h to 40 h are shown below 
in Figures 5.1; 5.3 and 5.5. 
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Molecules containing π-electrons can absorb the energy of ultraviolet or visible light to excite 
these electrons to energetic higher anti-bonding molecular orbitals. The concentration of an 
absorbing species in solution can be determined by using the Beer-Lambert law 5. The Beer-Lambert 
law states that the measured absorbance A of a solution is directly proportional to the concentration 
c of the absorbing species in the solution and the path length d of the beam of light through the 
material of the sample: 
𝐴 =  log10 (
𝐼0
𝐼
) =  𝜀 ∙ 𝑐 ∙ 𝑑,     (5.1) 
where I0 is the intensity of the incident light at a given wavelength, and I is the transmitted 
intensity. For each species and wavelength, ε is a constant known as the molar absorptivity or 
extinction coefficient, which is a molecular property in a given solvent, at a particular temperature 
and pressure 5. The UV-vis absorption measurements were carried out in the group of Optical 
Spectroscopy and Molecular Physics at the Technische Universität Chemnitz by Ines Trenkmann 
and Clemens Göhler by using a VARIAN Typ Cary 100 scan UV-vis spectrometer. In the double-
beam spectrometer, the light is split into two beams, whereby one beam is used as the reference, and 
the other beam passes through the sample solution. The intensity of the reference beam passing 
through a sample of only solvent is taken as zero absorbance, and accordingly the spectra are 
corrected using the ratio of the two beam intensities. 
 
5.1 TMA in octanoic acid 
The UV-vis absorption spectra of TMA in octanoic acid measured for solutions with different 
stirring time is shown below in Figure 5.1. A clear peak for the optical π→ π* transition of the TMA 
molecules in the solution can be seen with the maximum located at around 310 nm to 320 nm. For 
increased time of stirring, the peak maximum shifts to higher wave lengths. This means that the 
energetic separation between the π and the π* molecular orbital decreases due to increased 
concentration of TMA, therefore, the increased interaction of TMA with octanoic acid molecules. 
The strong apparent absorption besides the position of peak of the optical transition can be explained 
by diffraction of the light at particles in the solution which are not dissolved. 
A reference solution with a concentration below saturation was made by dissolving 0.15 g 
TMA in 5 ml octanoic acid. The calculated concentration of this solution is accordingly co = 0.14 
mmol
l
. From the known concentration co of the reference solution, we can calculate the absorption 
coefficient 𝜀𝜆 at the wavelength of the absorption maximum λ = 313nm by using equation 5.1: 
𝜀𝜆 =
𝐴𝑜
𝑐𝑜 ∙ 𝑑
=
0.0947 ∙ 10−3 m3
0.14 ∙ 10−3 mol × 0.01 m
= 67.64 
m2
mol
 
The concentrations of the solutions after stirring can now be determined using this absorption 
coefficient and the respective value of absorption A at the peak maximum (λ = 310 nm to 320 nm). 
It can be seen in Figure 5.1b that the concentration increases first strongly and saturates at longer 
stirring time. 
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Figure 5.1  a) UV-vis spectra of the TMA molecule in octanoic acid solvent at different stirring 
time from 5 to 40 hours. Ref. is a solution with known concentration (0.15 g TMA in 5 
ml octanoic acid solvent) and 0 h is a solution without stirring treatment. b) 
Concentration of TMA in solution as a function of stirring time. A reference solution 
with known concentration is compared with with the absorbance of the solutions (UV-
vis absorption at λ = 310 nm to 320 nm) at different stirring time to obtain their 
concentration.  
It can be seen in Figure 5.2a that the chicken-wire pattern as discussed previously could be 
observed from a TMA−octanoic acid solution with stirring times from 0h until 20h. Starting at 
stirring for 10 h (c = 0.6 mmol/l), the filling of the cavities of the chicken-wire network with TMA 
guest molecules could be also observed (Figure 5.2b). At the same duration of stirring of 10 h, also 
coexistence with the flower structure of TMA was found (Figure 5.2c). Finally, also the filled flower 
structure was observed beginning with the solutions stirred for at least 15 h (c = 0.7 mmol/l). 
Compared to the study for varying the deposition temperatures, the same patterns were found and it 
can be seen that after 10 h of stirring the TMA-octanoic acid solution gives the same result as the 
heating at 40°C (Figure 4.2, Chapter 4), and 15 h of stirring results in the filled flower structure as 
observed also starting at a deposition temperature of 60°C. Consequently, the trend of the change in 
the self-assembly with increasing concentration is identical for both the preparation methods of 
stirring and deposition temperature, as well as for the studies using ultra-sonication1, 2. A small 
difference is that in a wide range of stirring time from 15 h to 30 h, the filled chicken-wire and the 
filled flower structures coexist, whereas in the temperature-dependent study these patterns were 
found to occur in separate deposition temperature ranges. This could mean that besides the increase 
of concentration, the influence of temperature promotes also a faster transformation of the kinetically 
filled chicken-wire to the thermodynamically more stable flower structure. 
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Figure 5.2  STM constant height images of identical scale (13 nm × 13 nm; U = 1.2-1.5 V; I = 1.0 
nA) of the different networks of TMA formed from a TMA-octanoic acid solution in 
the indicated ranges of stirring time. Stirring of solution was varied in steps of 5 hours 
with STM images collected for each stirring time: (a) chicken-wire, (b) filled chicken-
wire, (c) flower and (d) filled flower structures at the top and the corresponding models 
below, respectively. 
 
5.2 TMA in phenyloctane 
The UV-vis absorption spectra of TMA in phenyloctane measured for solutions with different 
stirring time is shown in Figure 5.3. Again it can be seen that stirring increases the concentration 
which slowly saturates at long stirring times. Notably, using UV‒Vis spectroscopy to compare the 
absolute value of the concentration of TMA dissolved, it is found that in the non-polar phenyloctane 
solvent the TMA concentration is ~13 times smaller than for TMA in the polar octanoic acid solvent. 
Because of this low solubility and, thus, small amount of TMA molecules at the LSI, no self-
assembled structure was observed from the solution without stirring or stirring for 10 h. After the 
solution was stirred for 20 h, the concentration nearly doubled compared to the sample without 
treatment. Stirring of the TMA−phenyloctane solution likely breaks apart aggregations of TMA in 
solution because the TMA−TMA intermolecular interaction is much stronger than the interaction of 
TMA with phenyloctane due to H-bonding. 
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Figure 5.3  (a) UV-vis absorption spectrum of TMA in phenyloctane in different stirring time. (2.2 
mg TMA dissolved in 5ml phenyloctane was used a reference). (b) Concentration TMA 
of solution shows as the stirring time increases the TMA absorption increases and hence 
the TMA concentration increases monotonously. 
 
Figure 5.4 (a) STM constant height image (10 nm × 10 nm; U = 1.2 V; I = 1.4 nA) of the zig-zag 
dimer chain structure of TMA at the phenyloctane/HOPG (0001) interface at 20 h to 
40 h stirring. (b) The corresponding model. 
 
Starting with the solution stirred for 20 h, a self-assembled pattern of TMA could be found 
(Figure 5.4). The unit cell of the structure and the arrangement of the TMA molecules are identical 
to the zig-zag dimer chain structure which was discussed in detail previously. Consequently, a 
stirring time of 20 h of the TMA-phenyloctane solution likely results in nearly the same 
concentration as a deposition temperature of 50°C, at which also the zig-zag dimer chain structure 
started to occur. 
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5.3 TMA in undecanol 
 
Figure 5.5 (a) UV‒vis spectra of TMA in undecanol at different stirring time from 0h to 30h. The 
reference (black curve) is a solution with known concentration (16.5 mg TMA in 5 ml 
undecanol solvent). The respective value of absorption A at the peak maximum (294 ‒ 
300 nm) used for calculation of the concentration of solutions stirred for different time. 
(b) Concentration of solution shows that first the concentration increases strongly and 
then saturates slowly with increasing time of stirring. (The UV-Vis data of TMA in 
undecanol from Kathrin Allmaier, TU-Chemnitz) 
The UV-vis absorption spectra of TMA in undecanol measured for solutions with different 
stirring time is shown in Figure 5.5. Undecanol has a higher polarity than octanoic acid 1, which 
results in a ~30 times higher concentration of TMA without stirring (~25 times higher after long 
stirring), and a ~400 times higher concentration than for TMA dissolved in phenyloctane (200 times 
after stirring). The relative increase of the concentration of the TMA−undecanol solution with 
stirring is not as high as for the other solvents and also saturates fast after stirring times of about 10 
h. This means that TMA and undecanol were already well intermixed without additional treatment 
because the intermolecular interaction between TMA and undecanol molecules is much more 
favorable than the H‒bonding interaction between solvent molecules or the interaction between 
TMA molecules in solution.  
Coadsorption of TMA and undecanol into a linear pattern with a corner-to-corner H‒bonding 
motif between the TMA molecules in the dimer tapes was observed for stirring of the solution until 
10 h (Figure 5.6a). This pattern is identical to the previously discussed structure found for deposition 
temperatures ranging from 20°C to 50°C. After stirring for 15h, the unit cell vector ?⃗⃗? of the linear 
pattern is slightly reduced and the arrangement of the TMA molecules inside the dimer tapes 
changed (Figure 5.6b). This second coadsorption structure at higher concentration is again similar 
to the structure found starting at a deposition temperature of 50°C, which was in discussed in detail 
in the previous chapter 4.3. 
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Figure 5.6 STM constant height current images of (a) and (b) the typical coadsorption patterns of 
TMA and undecanol at room temperature from 0 h to 30 h stirring (8 nm × 8 nm; U = 
1.0 V; I = 1.2 nA); (c) the monoester obtained from TMA-undecanol solution on HOPG 
(0001) with the monoester TMA-undecyl structure overlaid (8 nm × 8 nm; U = 1.2 V; 
I = 1.4 nA). The parallelograms depict the unit cell of the structure on every images, A 
and B are the corresponding unit cell parameters. The structural models for the 
molecular pattern are shown below the corresponding STM images. (These STM 
images of TMA in undecanol after stirring were measured by Kathrin Allmaier, TU-
Chemnitz) 
Surprisingly, also coexistence of the TMA−undecanol coadsorption pattern with another 
structure of notably different contrast and unit cell could be observed starting for the solution stirred 
for 15 h (Figure 5.6c). At even longer times of stirring, this structure was observed more often but 
also the coadsorption pattern could still be observed. The strongly reduced unit cell vector ?⃗⃗?, and 
the molecular contrast indicates the formation of TMA-undecyl ester molecules, which also arrange 
into a linear pattern. Different to the orthogonal adsorption of undecanol on graphite in the 
coadsorption patterns, the highly resolved STM images reveal that the zigzag backbone of the 
undecyl chains of the ester adsorb now parallel to the graphite surface. This pattern consisting 
seemingly of TMA-undecyl ester was also found for high temperatures during the initial deposition 
and was described in the previous chapter. It should be noted that compared to the preparation by 
increasing the deposition temperature, structured areas of TMA-undecyl ester were much more 
seldomly observed for the stirring method. This result clearly indicates that the esterification reaction 
of TMA in undecanol without catalyst is strongly related to the confinement of the molecules at the 
interface to the substrate and that the equilibrium of the reaction can be shifted to the ester by a 
strongly increased concentration of TMA at the LSI (Le Chatelier's principle). 
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Conclusion: 
The self-assembly of TMA deposited from different solvents with different kinds of polarity 
(non-polar solvent: 1-phenyloctane; medium polar solvent: 1‒octanoic acid; and strong polar 
solvent: 1‒undecanol) was studied by using STM at the LSI to HOPG (0001) in dependence on the 
concentration controlled by the stirring time of the solution. The absolute value of the concentration 
increased by stirring was determined by UV‒vis spectroscopy. The results showed that by increasing 
the stirring time (duration 0 h to 40 h) the self-assembled structures of TMA in each kind of solvent 
are changed as well as the packing density of TMA is increased. This investigation is important for 
the comparison with our results obtained for different deposition temperatures (Chapter 4), and also 
with previous results for the ultra‒sonication treatment 1, 2. The trend of the changes in the adsorption 
structures is the same. Therefore, it can be concluded that the changes observed for increasing 
deposition temperature are also due to the effect of increased concentration. The influence of 
temperature on the kinetics doesn’t result in a new adsorption pattern for the investigated systems, 
however the transformation of the filled chicken-wire into the flower and filled flower structure 
appears to occur more abruptly by increasing the deposition temperature, whereas for the preparation 
by stirring the different structures occur in parallel for large intervals of stirring durations. Compared 
to the ultra‒sonication treatment, the duration of stirring necessary to obtain a specific polymorph 
is significantly longer. Very interestingly, the formation and self-assembly of TMA‒undecyl ester 
molecules was also observed for long stirring times which means that the increased concentration 
of TMA and confinement at the LSI is sufficient to result in a measureable amount of adsorbed 
TMA‒undecyl ester molecules. 
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CHAPTER 6:  ROLE OF THE DEPOSITION TEMPERATURE ON THE SELF-
ASSEMBLY OF THE NON-PLANAR MOLECULE BENZENE‒1, 
3, 5‒TRIPHOSPHONIC ACID (BTP) AT THE LIQUID-SOLID 
INTERFACE 
 
 
 
 
 
 
 
 
 
 
Figure 6.1  Molecular models in top (a) and side view (b) of the planar structure of trimesic acid 
(TMA) with three carboxylic functional groups (–COOH); (c), (d) the non-planar 
structure of benzene-1,3,5- triphosphonic acid (BTP) with three phosphonic acid 
functional groups (–PO(OH)2), which each consists of two ‒OH and one =O group 
bonded to a P atom with angles of ca. 120° between them; (e), (f) images of the highest 
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 
(LUMO) of the BTP molecule, calculated for the gas phase using B3LYP–DFT.  
Benzene-1,3,5-triphosphonic acid (1,3,5-C6H3(PO3H2)3, BTP) is the phosphonic acid‒
analogue of TMA. Similarly with TMA, BTP is a suitable candidate for the formation of hydrogen‒
bonded networks because it can act as both H‒bond donor and acceptor at the same time via three 
phosphonic acid groups 1, 2 (Figure 6.1). One of the most important characteristics of BTP is the 
non‒planarity of the molecule 1, 3 (Figures 6.1c, d). BTP contains three non‒planar phosphonic acid 
groups which enable three‒dimensional hydrogen bonding. Because of these versatile 3D functional 
groups, BTP is an interesting intermediate to design both 2D and 3D supramolecular hydrogen‒
bonded architectures and organic-inorganic hybrid frameworks 1, 2, 3, 4. However, the adsorption of 
BTP has surprisingly not been the subject of STM investigations so far. Here, in this chapter, a STM 
study of the adsorption pattern of BTP as obtained from deposition out of a solution in undecanol 
on an interface to HOPG is presented. Furthermore, the influence of the substrate temperature during 
the deposition from solution on the self-assembly is investigated. High‒resolution STM images 
reveal that the BTB molecules form various structures usually by co-adsorption with undecanol and 
that the BTP molecules as parts of self-assembled aggregates adsorb with their benzene ring planes 
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tilted with respect to the substrate plane. The specific supramolecular pattern and the 2D packing 
density of BTP can be precisely tuned by adjusting the initial substrate temperature during 
deposition. The experimental results are compared to corresponding model structures obtained from 
semi‒empirical simulations and explained by the influence of temperature on the concentration at 
the solution‒solid interface and the kinetics of the self‒assembly process. Based on these results, 
the control of the deposition substrate temperature has been proven to be a versatile tool to control 
the polymorphism of molecular patterns deposited out of solutions.  
The results presented in this chapter were published in: D. C. Y. Nguyen, L. Smykalla, T. N. 
H. Nguyen, M. Mehring, M. Hietschold, Phys.Chem.Chem.Phys., 2016, 18, 24219‒24227. 
 
Results and discussion 
6.1 BTP in undecanol at room temperature 
 STM constant-height images of different polymorph patterns obtained of BTP in undecanol 
deposited at room temperature at the interface to graphite are shown in Figure 6.2. The combination 
of BTP with undecanol as the solvent in solution leads to an interesting variety of periodic adsorption 
patterns. The process involves the self-assembly of BTP together with undecanol molecules, which 
co-adsorb on HOPG (0001) to form a linear pattern. At room temperature, without further heating 
during the sample preparation, two different kinds of co-adsorbed patterns of BTP/undecanol are 
observed (Figures 6.2a and d).  
In the first structure, as shown in Figure 6.2a, a linear pattern structure with the long vector 
of the unit cell of B = (3.6 ± 0.1) nm and an angle of the undecanol alkyl chain with respect to ?⃗⃗? of 
around β = (25 ± 3)° is found. We assign each brighter dot in the STM image (marked by a black 
circle in Figure 6.2) to be the center of one BTP molecule. The contrast in the STM image indicates 
that undecanol chains are adsorbed with the plane of their zigzag backbone parallel relative to the 
graphite surface, (marked by the blue lines in Figure 6.2). Undecanol and BTP molecules can co-
adsorb by H‒bonding between the BTP phosphonic acid groups and the O-H functional group of 
undecanol (marked by blue dashed circles in Figure 6.2). In the first structure, each single BTP 
molecules has H‒bonding to two undecanol chains and they stack into BTP mono‒chains and 
undecanol lamellae. The BTP mono‒chain is nearly perpendicular to the long side ?⃗⃗? of the unit cell 
which has an angle α of ca. 85° between 𝐴 and ?⃗⃗?. If BTP molecules would adsorb flat on graphite 
(benzene ring parallel to the surface plane), the distance between the centers of neighboring BTP 
molecules along unit cell vector 𝐴 in the corresponding calculated structure would be at least 9.57 
Å. However, the average periodicity of neighboring BTP molecules measured from STM is 
significantly shorter, namely around A= 8Å. The size of one BTP as indicated in Figure 6.1c is also 
around 8Å, thus there is not enough space for each BTP molecule to adsorb flat on graphite. 
Therefore, we propose that every BTP must be tilted with respect to the substrate plane. The 
calculated angle between the plane of the benzene‒ring of a BTP molecule and the plane of the layer 
is ~30° (see the side view model in Figure 6.2c, the HOPG substrate could not be included in the 
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simulations). Two of the phosphonic acid groups of each BTP molecule are H‒bonded to the 
undecanol chains and the remaining phosphonic acid group points in the direction of the BTP mono-
chain. The tilting of the molecules makes the smaller distance between the BTP molecules possible 
but still enables the formation of H-bonds between the 3D phosphonic acid groups of neighboring 
BTP molecules within the mono‒chain. However, the tilt of the BTP molecules also reduces the π‒
π interaction between the benzen rings and the graphite compared to a flat lying adsorption 
geometry. 
 
Figure 6.2   STM constant height images of the coadsorption patterns of BTP and undecanol for 
preparation at room temperature (same scale: 10 nm × 10 nm): (a) BTP mono-chain 
coabsorbed with undecanol lamellae (U = 1.4 V; I = 1.3 nA); (d) BTP dimer-chain 
coadsorbed with undecanol lamellae (U = 1.2 V; I = 1.3 nA). (g) pure undecanol solvent 
(U = 1.0 V; I = 1.2 nA) with schematic illustrational model of herringbone arrangement 
of undecanol monolayer. Unit cells are depicted. The structural models for the 
adsorbate pattern in top view (b, e, h) and side view (c, f, i) are shown below the 
corresponding STM image. 
From the STM image of this BTP mono‒chain structure, one might assume that this would 
be only the self‒assembled structure of pure undecanol molecules. Therefore, an experiment using 
pure undecanol solvent was set up. However, an STM image of the self-assembled molecular 
network (SAMN) derived from pure undecanol solvent (Figure 6.2g) shows a contrast and pattern 
of self-assembly that is different from that of the tapes formed by the coadsorption of BTP with 
undecanol. The ordering in the pure alcohol monolayer is mainly driven by hydrogen-bonding 
between –OH functional groups and van der Waals interactions between alkyl chains which results 
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in the formation of a herringbone structure with an angle of 120° (Figure 6.2h) between the axis of 
undecanol molecules in adjacent lamellae (the angle in the BTP/undecanol SAMN is 130°). The 
zigzag carbon backbone of undecanol lies with the zigzag plane parallel to the surface of HOPG 
(Figure 6.2i). The lattice parameters for undecanol monolayer are A = (0.5 ± 0.1) nm and B = (3.0 ± 
0.1) nm, which are quite different from the corresponding unit cell parameters of the BTP/undecanol 
SAMN (A = (0.8 ± 0.1) nm and B = (3.6 ± 0.1) nm, respectively). This observation allows us to 
unambiguously rule out that the self-assembled structure found by STM for the BTP/undecanol 
solution is a pure undecanol domain, thus leaving only the assignment of the observed contrast and 
periodicity to the previously discussed structure consisting of BTP mono‒chains hydrogen bonded 
to undecanol lamellae.  
The second molecular arrangement observed using STM, also formed at room temperature, is 
a different pattern of BTP coadsorbed with undecanol (Figure 6.2d). It comprises parallel tapes of 
BTP dimers separated by single‒alcohol‒width lamellae. Now the angle of the chain relative to the 
unit cell vector ?⃗⃗? is β = (28 ± 3)° and B decreased to (3.4 ± 0.1) nm compared to the previously 
discussed BTP/undecanol structure in Figure 6.2a. This second structure was always the dominant 
structure for the BTP/undecanol solution observed in roughly 80% of the measurements at room 
temperature. The simulation result of this linear pattern with the BTP dimers is shown in Figures 
6.2e and 6.2f as top view and side view of the model, below the corresponding STM image. In 
previous studies 5, 6, Nath et al. found that the zigzag carbon backbone of alcohols with an odd chain 
length like undecanol prefers to lie with the zigzag plane orthogonal rather than the zigzag plane 
parallel to the surface of HOPG. In the case of this BTP coadsorption pattern, the resolution of our 
STM images is not good enough to clearly image the carbon backbone of undecanol and 
unambiguously measure the interchain distance between undecanol molecules. The most suitable 
one of the potential models which optimizes the van der Waals interaction between the undecanol 
chains shown in Figure 6.2e suggests the parallel orientation of the zigzag plane relative to the 
surface plane as the most favorable geometry. The protrusion of each BTP molecule has clearly an 
elliptical appearance in STM (Figure 6.2d) with the longer side nearly perpendicular to the tape. 
This is an indication that the BTP molecules adsorb in a tilted adsorption geometry. The simulated 
model shows that for this structure, the BTP dimers are arranged favorably in a side-to-side geometry 
to form H-bonds between the phosponic acid groups of the molecules in the dimer. Four adjacent 
phosphonic acid groups of neighboring BTP dimers within the tape form several H‒bonds (marked 
by green circle in Figure 6.2e) to stabilize the tilted arrangement. The packing density of BTP in the 
second structure (0.73 ± 0.08 BTP molecules/nm²) is much larger than that of the first structure (0.40 
± 0.08 BTP molecules/nm²). Also, from the energetic point of view, the second structure is with a 
calculated interaction energy |ΔEint| per area of 1.44 eV/nm² more favorable than the first structure 
with 0.65 eV/nm². 
  
Deposition temperature-dependent self-assembly of BTP   
‒ 83 ‒ 
6.2 BTP in undecanol at higher substrate temperatures during deposition 
 
Figure 6.3  STM constant height images (same scale 10 nm × 10 nm) of the coadsorption patterns 
of BTP and undecanol for 50°C (a) (U = + 1.50 V; I = 1.25 nA), and the pure BTP 
structure observed for 70°C (d) (U = + 1.40 V; I = 1.45 nA) of the substrate temperature 
during sample preparation. The structural models for the patterns are shown below the 
corresponding STM image: (b) and (e) are the top view; (c) and (f) are the side view of 
the respective structures. 
Starting at a substrate temperature of 50°C during deposition, we observed that BTP 
assembles into another structure, shown in Figure 6.3a. Again a linear pattern of BTP molecules and 
undecanol is observed. Instead of the previous BTP dimer row, now a BTP trimer row with one 
more BTP molecule added in the unit cell of the self-assembled network is found. This results in a 
significantly increased periodicity of B = (4.0 ± 0.1) nm; the corresponding simulated model is 
shown in Figure 6.3b. The BTP molecules prefer to form very favorable H-bonds between two 
adjacent phosphonic acid groups (cyan circles in Figure 6.3b), whereby the two ‒OH groups of each 
phosphonic acid group form H-bonds to the =O atom of the phosphonic acid group of the adjacent 
BTP molecule. Because the BTP molecules in the middle of the tape can form two of such pairs 
with the outer BTP molecules, a trimer is formed. The remaining third phosphonic acid groups then 
form H‒bonds along the direction of the tape thereby connecting the BTP trimers (green and orange 
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circles in Figure 6.3b). Within the BTP trimer tape, the BTP molecule in the middle appears brighter 
than the outer adjacent BTP molecules (Figure 6.3a). This could be because the middle BTP 
molecule is lifted to a slightly higher position above the graphite, and furthermore the axis of its 
benzene ring is tilted by ca. 30° compared to the surface plane (marked by green circle in Figure 
6.3c). The co-adsorbing undecanol lamellae have the same adsorption geometry with the zigzag 
plane parallel to the surface plane like the lamellae in the second structure found at the deposition 
temperature of 20oC (Figures 6.2d and 6.2e). However, the undecanol molecules have a higher angle 
of azimuthal rotation of ß = (35 ± 3)° relative to the long side of the unit cell ?⃗⃗?. Both the packing 
density of BTP (0.73 ± 0.08 BTP molecules/nm²) and the interaction energy |ΔEint| per area of 1.83 
eV/nm² of the BTP‒trimer tape structure are increased compared to the linear pattern with BTP‒
dimer tapes. 
The network of BTP formed at the LSI is once again different if the HOPG substrate was 
heated up to 70°C during the sample preparation. Surprisingly, the observed structure contains only 
BTP molecules linked via H‒bonding between their phosphonic acid groups and no more any 
solvent molecules. The lattice parameters of this structure are A = (0.8 ± 0.1) nm, B = (1.7 ± 0.1) 
nm, and α = (82 ± 3)°. Interestingly, the simulated model of this structure shows that always two 
BTP molecules form a dimer with H‒bonding between two phosphonic acid groups (cyan circle in 
Figure 6.3e) similar to the H‒bonding motif in the BTP‒trimer tape structure (Figure 6.3b). 
However, these dimers are then arranged in a way that two adjacent BTP molecule are side-to-side 
which enables the formation of several cyclic H‒bonds between four phosphonic acid groups 
(marked by green circle) similar as found also before for the BTP‒dimer tape structure (Figure 6.2e). 
Furthermore, the interactions between the 3D phosphonic acid groups result again in a tilting of the 
BTP molecules which is for this structure in an alternating manner along the direction of ?⃗⃗?. The 
effect of the tilting of every second molecule can be seen in the STM as a slightly different brightness 
of the protrusions in direction of  ?⃗⃗?.  This self-assembled structure reaches not only the highest 
packing density of BTP (1.48 BTP molecules/ nm²) but also the highest calculated intermolecular 
interaction energy per area (3.21 eV/nm2). Macleod et al. suggest that the only solute molecule 
SAMN is thermodynamically less stable than the coadsorption SAMN of solute/alcohol in case of 
the self-assembly of TMA in undecanol. Regions of a TMA‒only SAMN can be, but rarely observed 
to coexist with the TMA/alcohol SAMNs, and the latter has been observed to grow at the expense 
of the former 7. However, as we observed in many STM images, for a high substrate temperature 
during deposition, the regions of BTP‒only SAMN have been to be observed stable for a long time 
and in large areas (30×30 nm²).  
To obtain precise values for the lattice parameters and the angle between the lattice of HOPG 
and the pure BTP structure, the split‒image technique was applied. Figure 6.4a depicts a split image 
of a BTP monolayer, where, in the upper half, the adsorbate layer is imaged with molecular 
resolution and, in the lower half, the graphite substrate with atomic resolution. This contrast 
switching is attained by rapidly lowering the sample bias by one order of magnitude from +1.40 V 
to +0.15 V during image acquisition. This technique helped to determine the epitaxial relation 
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between the adsorbate and substrate lattices. The epitaxial angle between 𝐴 ⃗⃗⃗⃗ and a lattice vector of 
graphite was measured to be (35 ± 3)°. A corresponding epitaxial model of the BTP structure 
adsorbed on the graphite lattice is shown in Figure 6.4b. No commensurate epitaxy could be found, 
but the molecules could absorb along 𝐴 ⃗⃗⃗⃗  on identical adsorption sites of the graphite substrate due 
to the coincident periodicity of both lattices in this direction. 
 
Figure 6.4  (a) STM split image of a BTP monolayer; the upper half depicts the adsorbate layer 
with submolecular resolution, with the LUMO of BTP overlaid on the STM image, and 
the lower half the graphite lattice with atomic resolution U = +1.40/+0.15 V, I = 1.45 
nA). (b) Adsorption model of pure BTP monolayer adsorbed on graphite HOPG (0001). 
The yellow circles mark identical adsorption sites which shows the short-period 
coincidence with the underlying lattice along 𝐴. 
From the range of the substrate temperature during deposition of 20°C to 70°C, a transition 
from a BTP/undecanol coadsorption motif to a pure BTP dimer adsorbate layer is found by 
corresponding STM images (Figures 6.2a; 6.2d; 6.3a; 6.3d). To compare the observed structures 
from BTP deposited from solution in undecanol and their differently sized unit cells and number of 
molecules in it, we also calculated the packing density and the intermolecular interaction energy per 
area. The measured and calculated parameters of the unit cell for each structure are summarized in 
Table 1. The lattice parameters simulated using the semi‒empirical method PM6‒DH+ are in good 
agreement with the experimental values. 
The results found by STM for increasing substrate temperature during deposition can be 
explained by the increased concentration of the solution at higher temperature and the kinetics of 
the monolayer formation. In our previous study about the influence of elevated temperature on the 
self-assembly of TMA at the LSI when deposited from various solvents, a similar effect was 
observed and explained in detail 8.  The evaporation rate of the solution is significantly increased 
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with increasing temperature. For example, after dropping 5 µl of the BTP/undecanol solution on a 
pre-heated substrate and keeping the temperature at 50°C for 10 min, ca 50% of the solution 
evaporated and only a thin liquid layer remains on the HOPG surface. This means that in this process 
mainly solvent molecules evaporated, which subsequently drastically raises the concentration of the 
solute in the remaining droplet above the initial concentration of saturation. Consequently it can be 
seen that changing the temperature of annealing during deposition is one way to change the 
concentration of solute in the solvent within a droplet. In previous studies 8, 9, 10, it was demonstrated 
that at low concentration more loosely packed and at higher concentration more densely packed 
structures are favored. Therefore, with higher temperature during deposition, thus higher 
concentration of BTP, the packing density of BTP at the LSI should also increase. On the other hand, 
in the range of a substrate temperature from 20°C to 50°C during deposition, BTP coadsorbs together 
with solvent molecules from the undecanol solution, which indicates that undecanol–BTP dimers in 
the solution are not easily broken apart to form BTP–BTP dimers during the self-assembly. 
However, beginning at 70°C only BTP molecules are found to be adsorbed at the LSI forming a 
close packed, ordered adlayer of BTP. It should also be noted that, at high temperature, the mobility 
of molecules in the liquid phase as well as the diffusion and rotation of the solute molecules adsorbed 
on HOPG at the LSI significantly increases so that it becomes easier for BTP molecules to 
agglomerate and to arrange correspondingly for favorable H‒bonding. 
Table 1.   Values for the parameters of the unit cell for the different coadsorption structures 
and the pure BTP‒dimer structure from a solution in undecanol at the LSI to 
HOPG‒STM experiments and PM6‒DH+ simulation. 
Structure Method 
A 
[nm] 
B 
[nm] 
α 
[deg] 
ß 
[deg] 
P.D of BTP 
[molecules/nm²] |ΔEint |/ area 
Pure undecanol exp. 0.5 ± 1.0 3.0 ± 1.0 83 ± 3 … …  
(Figure 6.2g) calc. 0.46 3.01 82.9 … … 1.19 eV/nm² 
( 115.2 
kJ/(mol∙nm²)) 
1 BTP- 2 undecanol exp. 0.8 ± 0.1 3.6 ± 0.1 85 ± 3 25 ± 3 0.40 ± 0.08  
(Figure 6.2a) calc. 0.80 3.61 86.1 25.0 0.35 0.65 eV/nm² 
( 63.1 
kJ/(mol∙nm²)) 
2 BTP- 2 undecanol exp. 0.8 ± 0.1 3.4 ± 0.1 88 ± 3 20 ± 3 0.73 ± 0.08  
(Figure 6.2d) calc. 0.85 3.37 87.7 18.1 0.70 1.44 eV/nm² 
( 139.4 
kJ/(mol∙nm²)) 
3 BTP- 2 undecanol exp. 0.8 ± 0.1 4.0 ± 0.1 86 ± 3 35 ± 3 0.94 ± 0.08  
(Figure 6.3a) calc. 0.82 4.01 84.4 32.1 0.88 1.83 eV/nm² 
( 176.9 
kJ/(mol∙nm²)) 
Pure BTP-dimer  exp. 0.8 ± 0.1 1.7 ± 1.0 82 ± 3 … 1.48 ± 0.08  
(Figure 6.3d) 
calc. 0.90 1.61 82.5 … 1.35 3.21 eV/nm² 
( 310.2 
kJ/(mol∙nm²)) 
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             The Gibbs energy has to be considered to estimate whether the formation of a specific 
structure at the interface is favorable in thermodynamic equilibrium. Adsorption of molecules at the 
LSI represents a trade‒off between solvation and adsorption enthalpy. While a high adsorption 
enthalpy helps to minimize the Gibbs energy, the accompanying loss of entropy upon adsorption 
acts against it. For this reason, the enthalpic and entropic contributions to the Gibbs energy are both 
important. A reduction in the degrees of freedom upon adsorption implies a reduction in the entropy, 
which increases the Gibbs energy of the system. As a consequence, spontaneous self-assembly of 
molecular components necessitates that the loss of entropy at a given temperature must be 
compensated by gain in enthalpy upon adsorption 10, 11, 12, 13. In our case, the change in entropy 
contribution to the Gibbs energy between different structural polymorphs is expected to be small 
and all measurements in this study were performed after cooling down the sample to room 
temperature. Therefore, a change in entropy and the temperature dependence of the Gibbs energy 
are likely not relevant for the observed effect of the substrate temperature during the sample 
preparation on the self-assembled structure. From the enthalpic point of view, the calculated 
interaction energy |ΔEint| per area of the molecular structure is found to increase with higher substrate 
temperature during deposition. This can be explained by the increasing concentration and packing 
density of BTP in the monolayer, which results in a higher number of hydrogen bonds per area. The 
pure BTP‒dimer structure has thus the highest value of |ΔEint| per area compared to the coadsorption 
patterns where the long undecanol chains act as spacer. 
Conclusion: 
By using a simple method to control the substrate temperature during the deposition of BTP 
molecules from a saturated undecanol solution on a HOPG (0001) surface, the structure can be tuned 
in which the non-planar BTP molecules self-assemble. We propose that the increased substrate 
temperature increases the concentration of BTP in the solution, which results in various structures 
of different packing density. Also, the total intermolecular interaction energy per area increases by 
the increased number of H‒bonds for a higher number of BTP molecules in the adsorbed monolayer. 
With increasing temperature of the substrate, the structure of the monolayer is sequentially 
transformed from coadsorption of BTP‒undecanol to a dimer structure consisting solely of BTP 
molecules. In this self-assembly process, hydrogen bonding between the adsorbed molecules plays 
the most important role to realize the specific different orientations and arrangements of the 
molecules. Our results demonstrate the simple and powerful method of increased the substrate 
temperature during deposition to control the self-assembly of a molecular monolayer. 
Semi‒empirical optimization of the observed structures shows that the interaction of the 
functional groups to form hydrogen bond between BTP and undecanol, and between BTP molecules 
is flexible, and not limited to two dimensions and only very few possible motifs as in the case of 
carboxylic acid groups. This shows the intriguing possibilities of the 3D phosphonic acid groups for 
the formation of molecular networks. Compared to the extensively studied molecular structure 
design using carboxylic acids, still many open questions remain for this class of phosphonic acid 
molecules, and thus current studies are aimed at elucidating their behavior. 
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CHAPTER 7: ROLE OF DEPOSITION TEMPERATURE ON THE SELF‒
ASSEMBLY OF UNDECANOL SOLVENT AT THE LIQUID‒
SOLID INTERACE 
 
In previous results, using STM we have observed the coadsorption of undecanol solvent 
molecules with TMA, BTP and SBS molecules to form various linear patterns in dependence on the 
deposition temperature (chapters 4, 6, 8), as well as the concentration of solute in the solution by 
increasing the stirring time (chapter 5). This observation inspired us to check also the influence of 
the substrate temperature during deposition on the self-assembly of solely solvent molecules in the 
pure liquid at the interface. In this chapter we have examined the adsorption of 1-undecanol on a 
graphite HOPG (0001) surface in order to explore the interesting phenomena of the molecular 
ordering at the LSI of pure solvent. Here we present the STM results of the undecanol monolayer 
obtained at deposition temperatures of 20°C to 75°C. Surprisingly, two distinct structural orderings 
of the adsorbed monolayer (herring bone structure and parallel structure) are observed. 
Results and discussion 
7.1 Adsorption geometry of undecanol on HOPG 
The chemical structure of the 1-undecanol molecule CH3‒(CH2)9‒CH2OH is presented in 
Figure 7.1a. This molecule is a fatty alcohol with a linear zigzag chain of eleven carbon atoms. It 
consists of a hydroxyl functional group (‒OH) as head and an alkyl chain as tail. The (‒OH) group 
gives a notable polarity to the molecule.  
Figures 7.1b and 7.1c show two possible orientations of adsorbed undecanol molecule with 
respect to the basal plane of HOPG (0001): the alkyl chain of undecanol lies with the plane of its 
zigzag backbone parallel or orthogonal relative to the surface. From the top view of an undecanol 
molecule as shown in Figure 7.1b can be seen that if the undecanol molecules are adsorbed with the 
zigzag plane parallel to the HOPG surface, every methylene bridge in the alkyl chain is located over 
a hexagonal ring of carbon atoms of HOPG (0001)1, 2, 3. This adsorption geometry optimizes the 
interaction between the adsorbed hydrocarbon molecules and the graphite substrate. Undecanol 
molecules can also adsorb in the orthogonal configuration in which the molecular backbone is 
rotated 90° with respect to the substrate in such a way that the hydrogen atom of the hydroxyl group 
points away from the surface (Figure 7.1c). For the orthogonal adsorption geometry, the fact that 
carbon atoms of neighboring methylene units are located at different heights above the HOPG 
surface gives rise to less favorable dispersion interactions with the HOPG lattice as compared with 
that of the parallel configuration 4, 5, 6. Consequently, the contribution of the van der Waals 
interactions in the adsorption energy of undecanol physisorbed on HOPG in the orthogonal 
configuration is lower than that for the parallel configuration. Our STM results in agreement with 
literature 2, 3, 4, 6, 7 confirm that the undecanol molecules self-assemble with the zigzag plane 
adsorbed parallel on the HOPG surface to achieve a tightly packed structure. 
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Figure 7.1  (a) The chemical structure of the 1-undecanol molecule CH3‒(CH2)9‒CH2OH; (b) Top 
and (c) side views of possible orientations of an undecanol molecule and a diundecyl 
ether molecule relative to the HOPG surface. The chain length of undecanol is 
approximately 1.56 nm and the length of diundecyl ether is approximately 2.9 nm. The 
structures of undecanol and diundecyl ether were optimized by using molecular 
mechanics simulations using DS View Pro. 5 software.  
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7.2 Herringbone structures of undecanol 
 
Figure 7.2    Constant height STM images (same scale of 10 nm × 10 nm) of a monolayer of 
undecanol molecules adsorbed on HOPG (0001) from the pure undecanol liquid: (a) 
deposition at room temperature ranging up to 40°C (U= 0.9 V, I = 1 nA ); (c) deposition 
at 50°C ranging up to 60°C (U= 0.9 V, I = 1.2 nA). The blue bar denotes the length of 
one undecanol molecule. (b) and (d) the  optimized model structures for each respective 
STM image above.  
First, pure liquid of 1-undecanol was applied to a freshly cleaved surface of HOPG (0001) 
and the LSI was measured at room temperature. Figure 7.2a is a typical STM image of undecanol 
adsorbed onto graphite at room temperature with tunneling current I = 1 nA and bias voltage U = 
0.9V. From this image, it can be clearly seen that the undecanol molecular lamellae extend into a 
uniform and ordered monolayer on the graphite surface. Each undecanol molecule (marked as blue 
bar in Figure 7.2) is resolved as part of a two-dimensional herringbone array with the long axes of 
the molecules parallel to each other along 𝐴, and arranged at an angle of 120° relative to neighboring 
molecules along ?⃗⃗? (Figure 7.2b).  The hydrogen bonding between the undecanol molecules causes 
the hydroxyl groups to be arranged in a zigzag manner whereby each undecanol molecule is 
stabilized by two O∙∙∙H−O hydrogen bonds to the adjacent molecules as can be seen in the models 
of the herringbone structures in Figure 7.2b. The length of each molecule is measured to be 
approximately 1.6 nm in the STM images. The calculated chain length of undecanol is 1.56 nm. Our 
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STM images imply that the undecanol molecules are adsorbed with their zigzag plane parallel to the 
graphite substrate. This is consistent with previous studies of undecanol and other alkanoic alcohol 
molecules adsorbed on the graphite substrate 3, 6, 8, 9, 10. For deposition temperatures ranging from 
20°C up to 40°C (the setting up of the experiments was described previously in Chapter 3, parts 
3.5.1 and 3.5.2), the herringbone structure of the undecanol monolayer (Figure 7.2a) is formed with 
lattice parameters of the unit cell of A = (0.5 ± 0.1) nm and B = (3.0 ± 0.1) nm in agreement with 
the previous reports 3, 11, 12. The packing density of undecanol in this structure is 1.36 molecules/nm2. 
The lamellae of H‒bonded undecanol are separated by darker areas in STM. This corresponds to 
small gaps with the width d as marked in Figure 7.2a, whereby the ‒CH3 end groups of neighboring 
molecules appear to be nearly at the same coordinate along the direction of the lamellae. The reason 
for these gaps between the lamellae could be an optimization of favorable adsorption positions of 
the molecules on the graphite lattice. 
Starting at a substrate temperature of 50°C to 60°C during deposition, we observed that 
undecanol assembles into a herringbone structure (shown in Figure 7.2c) similar to that for 
deposition at room temperature. However, the long vector ?⃗⃗? of the unit cell is reduced to B = 2.8 
nm. As a consequence the herringbone arrangement formed on HOPG at higher deposition 
temperature is denser packed (1.44 molecules/nm2) compared to the previously discussed 
herringbone structure. Because the separation d between the lamellae is reduced, adjacent lamellae 
shifted so that the ‒CH3 end group of undecanol is positioned in the space between two neighboring 
molecules in this close-packed structure due to steric effects (Figure 7.2d). From the energetic point 
of view, the denser herringbone structure observed for the increased temperature during the 
deposition of the solution from 50°C to 60°C is with a calculated intermolecular interaction energy 
|ΔEint| per area of 1.22 eV/nm² slightly more favorable than the herringbone structure for deposition 
at 20°C to 40°C with 1.19 eV/nm² (as shown in Table 7.1). 
The measured and calculated parameters of the unit cell for each structure of undecanol 
deposited from pure undecanol liquid are summarized in Table 7.1. The lattice parameters of the 
model structures from the PM6-DH+ simulations are in very good agreement with the experimental 
values of the unit cells.  
 
7.3 Parallel structure of undecanol at high substrate temperature during deposition 
Heating up at 50°C during the sample preparation leads, besides the herringbone structure, 
the formation of another network of undecanol at the LSI to HOPG was found. A STM image of a 
parallel structure observed for deposition temperature ranging from 50°C to 75°C and the 
corresponding model is shown in Figures 7.3a and 7.3b. 
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Figure 7.3  Constant height STM images (same scale of 8 nm × 8 nm) of (a) the parallel structure 
of undecanol molecules adsorbed on HOPG (0001) from the pure undecanol liquid for 
deposition at 50°C to 75°C (U = 0.9 V, I = 0.9 nA); (c) the control experiment:  a 
monolayer of diundecyl ether molecules (commercially synthesized) adsorbed at the 
HOPG (0001)/undecanol interface for deposition at room temperature (U = 0.9 V, I = 
1.0 nA). (b) and (d) are the corresponding models. The blue bar denotes the length of 
one undecanol molecule and the red bar denotes the length of one diundecyl ether. 
 Table 7.1  Values for the parameters of the unit cell for the different structures of undecanol 
solvent at the LSI to the HOPG surface from the STM experiment and the PM6-
DH+ simulation. 
Structure Method 
A 
[nm] 
B 
[nm] 
α 
[deg] 
ϕ 
[deg] 
Packing density 
[molecules/nm²] 
|ΔEint| / N |ΔEint|/ area 
Herringbone exp. 0.5 ± 0.1 3.0 ± 0.1 83 ± 3 120 ± 3 1.36 ± 0.10  
 
 
at 20°C 
(Figure 8.2a) 
calc. 0.46 3.01 82.9 120 1.45 
0.79 eV 
(76,4 kJ/mol) 
1.19 eV/nm² 
(115.2 kJ/(mol∙nm²)) 
Herringbone exp. 0.5 ± 0.1 2.8 ± 0.1 84 ± 3 120 ± 3 1.44 ± 0.14   
at 50°C 
(Figure 8.2c) 
calc. 0.46 2.9 83.3 120 1.51 
0.81 eV 
(78,2 kJ/mol) 
1.22 eV/nm² 
(117.9 kJ/(mol∙nm²)) 
Parallel exp. 0.5 ± 0.1 3.2 ± 0.1 88 ± 3 180 ± 3 1.25 ± 0.08   
(Figure 8.3a) calc. 0.46 3.21 85.3 180 1.33 
0.79 eV 
(75,8 kJ/mol) 
1.24 eV/nm² 
(119.9 kJ/(mol∙nm²)) 
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 In the STM image in Figure 7.3a, each bright line corresponds to an undecanol molecule, which 
is linked by the hydrogen bonding of the OH head groups to adjacent molecules and oriented 
approximately vertically (90°) with respect to the direction of the lamella. Alternatingly in the 
direction vertical to the lamellae, the molecules appear slightly darker or brighter in STM. This 
effect was observed in previous studies and could be because of electronic effects and a different 
coupling to the substrate for different adsorption positions of the chains on the graphite lattice 14. 
The optimized model of the molecular arrangement (Figure 7.3b) depicts the relative orientation 
between the molecules inside each lamella (ϕ = 180°) and between adjacent lamellae. The spacing 
measured between the adjacent lamellae is B = (3.2 ± 0.1) nm. Observation of structures (Figure 
7.4a and b) with an intermolecular distance of ∼0.45 nm is consistent with the intermolecular 
distance for the energetically favored parallel alignment of the molecular backbone with respect to 
the HOPG surface (0.44 nm) as well as the corresponding lattice spacing of HOPG (0.426 nm). The 
intermolecular interaction energy |ΔEint| per area of the parallel arranged polymorph is increased to 
1.24 eV/nm² compared to the herringbone structure; however this is at the cost of a reduced packing 
density of 1.25 molecules/nm² (Table 7.1). 
 
Figure 7.4 (a), (b) STM images of the parallel structures of undecanol self-assembled with unit 
angles α of approx. 70° and 90°, respectively. (c) STM image of self-assembled 
structure without uniform unit cell angle. (65°C; U = 0.9 V; I = 0.9 nA). 
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Sometimes also other similar parallel structures of undecanol (ϕ = 180°) could be observed. 
Figures 7.4a and 7.4b show representative high-resolution STM images of three types of parallel 
patterns coexisting in the undecanol monolayer on the HOPG surface for deposition at the same 
elevated substrate temperature of 65°C. The undecanol molecules were oriented with their molecular 
axes either at angles of approximately 70° or 90° with respect to the lamellar axes, respectively. At 
high substrate temperatures during deposition, the adsorption structure with the chain−trough angles 
of circa 90° has a relatively high probability to be observed which could mean that this one is the 
thermodynamically favored parallel structure of undecanol. In some cases, also wavy, apparently 
distorted mixed patterns consisting of the two types of parallel structures could be found as shown 
in Figure 7.4c occur. 
To explain the occurrence of the parallel structure at relatively high substrate temperature 
during deposition of the undecanol droplet on the substrate, we also checked another possibility: two 
undecanol molecules could react at high temperature to form diundecyl ether (C11H23‒O‒C11H23, see 
the model in Figure 7.1) upon releasing water. To answer the question if diundecyl ether molecules 
formed and adsorbed at the LSI resulting in the observed STM images of the parallel structure, an 
experiment using pure diundecyl ether dissolved in undecanol was set up at room temperature 
(diundecyl ether was purchased from Aldrich with a purity of 98%). However, the typical STM 
image of the self-assembled structure of diundecyl ether (Figure 7.3c) shows a molecular contrast 
and pattern that is different from the previously discussed structures of undecanol. As can be seen 
in Figure 7.3c, all of the diundecyl ether molecules are almost straight, with the oxygen atoms inside 
the molecules appearing as a faint groove line down in the center of the lamellae. The ether 
molecules are slightly shifted relative to each other, presumably because of oxygen‒oxygen 
repulsion and the formation of favorable C−H∙∙∙O bonds (Figure 7.3d). The diundecyl ether 
molecules lie perpendicular to the lamellar axis along 𝐴 and adsorb which their zigzag plane 
orthogonal to the graphite surface (Figures 7.1b and c). In this case, a unit cell of A = (0.44 ± 0.05) 
nm and B = (3.0 ± 0.1) nm with an angle of (80 ± 3)° was measured. This result of the self-assembly 
of diundecyl ether is similar to a previous report of hexadecyl ether (CH3(CH2)15)2O adsorbed on 
graphite 14.  
From our results of diundecyl ether adsorbed on HOPG and the comparison with the self-
assembled structures found at the 1-undecanol/HOPG interface for different deposition 
temperatures, the supposition of ether formation by 1-undecanol molecules at elevated substrate 
temperature can be clearly dismissed. 
Conclusion 
The adsorption of a monolayer of l-undecanol at the liquid/graphite interface was investigated 
using STM. Two distinct types of adsorbate structures, which maximize the van der Waals 
interactions of the molecules with the substrate and between the molecules, as well as the H-bonding 
which increases the stability of the monolayer, were observed when the undecanol molecules 
physisorb on the HOPG surface at a different deposition temperature. The packing of the molecular 
monolayer exhibits two herringbone structures in the range of 20°C to 60°C during deposition, while 
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in the range of 50°C to 75°C also parallel structures of undecanol were observed. The simulations 
and calculations of each optimized self-assembled structure show a trend of increasing 
intermolecular interaction energy per area with increasing substrate temperature during deposition. 
Very similar structures were found previously for different substrate temperatures during the STM 
measurement 3, 8, 11, 12. The authors suggested that this monolayer phase transition from herringbone 
to the parallel structure at 40°C during the measurement maybe proceed via a rotator phase similar 
to those observed in solid l-alkanols at higher temperature 11, 12. The increase in the intermolecular 
spacing is consistent with the existence of a rotational phase at the higher temperature. The 
undecanol molecules could rotate about their C‒O axes due to the increase in thermal energy, and 
the effect of this rotational phase transforms the l-undecanol monolayer structure from herringbone 
structure to parallel structure. 
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CHAPTER 8: A FIRST STEP TO MICROSCOPICALLY STUDY TWIN 
POLYMERIZATION: SELF-ASSEMBLY OF TWIN MONOMER 
2,2’-SPIROBI[4H-1,3,2-BENZO-DIOXASILINE] (SBS) AT THE 
LSI INFLUENCED BY ULTRASONICATION AND DEPOSITION 
SUBSTRATE TEMPERATURE 
 
Twin polymerization has been developed as an elegant method for synthesizing 
nanostructured hybrid materials. This is a polymerization process which creates two different 
polymers in a single step from only one so-called twin monomer. The twin monomer 2,2’-spirobi 
[4H-1,3,2-benzo-dioxasiline] (SBS) consisting of building blocks bonded together covalently has 
been used to produce organic–inorganic nanostructured hybrid materials 1, 2, 3 (SBS was introduced 
in chapter 3.1.3). The polymerization is initiated by ring opening of the 4H-1,3,2- benzodioxasilines 
or cleavage of the Si-O-C bonds. This way generates two structurally and chemically different 
homopolymers (silicon dioxide and a phenolic resin) (Figure 8.1). Special about the twin 
polymerization is that both the organic and inorganic network are polymerized in a coupled process 
typically under influence of only one catalyst.4, 5 
Self-assembly of the twin monomer SBS was investigated for the first time by STM at the 
SBS-undecanol solution/graphite (HOPG) interface. The self-assembled pattern as well as 
oligomerization may be influenced by ultrasonication and the deposition substrate temperature, 
which enables to study the first steps of twin polymerization. Firstly, by ultrasonicating the solution 
of SBS in undecanol for different durations, the oligomerization of SBS monomer without any 
catalyst has been observed at the undecanol/HOPG interface. Secondly, the oligomerization of SBS 
monomer can also be controlled by the substrate temperature during the deposition of the molecules 
out of the solution. By increasing the temperature of the pre-heated substrate, various periodic 
assemblies of phenolic dimer, trimer, pentamer, etc. resin can be observed. 
 
 
Figure 8.1 Schematic principle of SBS-twin monomers polymerizing according to ref. 2. The twin 
monomer SBS polymerizes into a silica SiO2 and a linear phenolic resin nanocomposite 
without by-products 3, 5.  
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8.1 Coadsorption of SBS and undecanol without ultrasonication and at room temperature: 
 
Figure 8.2 (a) STM constant height image of SBS at the undecanol/HOPG (0001) interface (U = 
1.2 V, I = 1.2 nA) without ultrasonication, at room temperature. The corresponding 
model is shown below, whereby 𝐴 and ?⃗⃗? are the two vectors of the unit cell, and α is 
the angle between them (scale: 10 nm × 10 nm); (b) the zoom-in image with scale 5 nm 
× 3 nm and side view model of SBS and undecanol adsorbed on the graphite substrate 
shown below.  
After deposition of the SBS/undecanol solution on HOPG without any further treatment, a 
linear pattern was found as shown in Figure 8.2. The pattern consists of undecanol lamellae co-
adsorbing with rows of SBS molecules and has a unit cell with A = (0.6 ± 0.1) nm, B = (3.0 ± 0.1) 
nm, and an angle α = 86° (Figure 8.2a). From the zoom-in STM image (Figure 8.2b), it can be clearly 
seen that the long molecules with a length of ~1.6 nm, indicated by the dashed ellipse, correspond 
to undecanol which is adsorbed with their zigzag plane orthogonal to the HOPG substrate. The 
smaller feature in the image (full line ellipse) has a size of ~1.35 nm and thus corresponds to a SBS 
molecule. SBS is non-planar as can be seen in the model in Figure 8.2b. The STM image shows that 
one-half part of SBS is darker and has a slightly different shape than the other part (respectively 
marked by the black and green arrow on Figure 8.2b). Because of this we suggest that one phenol 
ring of SBS lies nearly flat relative to the graphite substrate whereas the other phenol ring is tilted 
which is shown in the side-view model of the adsorption geometry in Figure 8.2b. The ‒OH group 
of undecanol can interact with the H atoms of a benzene ring of the SBS molecule via hydrogen 
bonding. On the other hand, between the undecanol molecules themselves, and also between the 
SBS molecules mainly van der Waals interaction occurs, resulting in the observed linear pattern. 
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8.2 SBS deposited from solution in undecanol in dependence on the duration of ultrasonication 
The physical effects of ultrasound with relatively low frequency include the production of 
free radicals in solution by the scission of solvent molecules in both aqueous and organic solvents, 
activation of free radical initiators, and heat generation. Ultrasonication is a well-known method for 
initiating chemical reactions, especially polymer synthesis, enhancing reaction rates, and also 
improving selectivity in chemical reactions.6, 7, 8 The polymerization rate of radical-initiated 
reactions was found to be influenced by the intensity of the ultrasound. 6 However the ultrasonic 
energy can also lead to degradation of polymers in solution, whereby polymer chains of high 
molecular weight break in the ultrasonic field and macroradicals are produced. 7 The degradation of 
polymers during ultrasonication is influenced by ‒OH radical concentration and by shock waves. 9 
Treatment of the SBS in undecanol solution with ultrasound was used to make samples with different 
duration of ultrasonication (experiments were described on chapter 3.5.3). The reaction and 
oligomerization of SBS monomer molecules at the undecanol/HOPG interface has been observed 
after a short time of ultrasonication (over 30 minutes). These investigations are very important for a 
better understanding of the complex twin-polymerization in general as well as for such a kind of 
polymerization at the LSI. 
8.2.1 SBS-undecanol solution ultrasonicated up to 30 minutes 
 
Figure 8.3 (a) and (b) are the STM constant height images of SBS at the undecanol/HOPG (0001) 
interface at room temperature and after 30 minutes ultrasonication of the solution (same 
scale of both images: 10 nm × 10 nm, U = 1.3 V, I = 1.2 nA). The suggested model of 
the pattern is shown below each corresponding STM image. 
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First, we ultrasonicated the SBS-undecanol solution for 30 minutes, then applied a droplet of 
the solution on the HOPG surface. The linear patterns that were found at the LSI are shown in the 
STM images of Figure 8.3. Molecules with three different lengths are observed to self-assemble 
each into rows and form a periodic pattern with a unit cell of A = (0.6 ± 0.1) nm, B = (4.0 ± 0.1) nm, 
and the angle α = 75°. Very small bright protrusions can be seen in the structure (marked by the 
green circle and green arrow in Figure 8.3a) with a diameter of ~ (0.6 ±0.1) nm, which is smaller 
than the SBS molecule might correspond to salicyl alcohol which can be formed due to hydrolysis 
of SBS and will be discussed later in detail. Furthermore, elongated protrusions with a size of only 
1.1 nm are found while the size of SBS is around 1.4 nm (Figure 8.3a). Because of this smaller size, 
we suggest that this molecule corresponds to the phenolic dimer. In other rows in the STM image in 
Figure 8.3a, also molecules are found which have a size of around 1.6 nm, therefore, these are 
expected to correspond to the linear phenolic trimer. The molecular geometry of different kinds of 
phenolic oligomers, such as phenolic dimer, trimer, and so on, were optimized by using the DS View 
5.0 Program and are shown together with the length of the chain in the model in Table 8.1.  
After 30 minutes of ultrasonication of the solution, also a second linear pattern of self-
assembled molecules with a unit cell of A = (0.6 ± 0.1) nm, B = (4.2 ± 0.1) nm, and the angle α = 
85° was found (Figure 8.3b). The striking difference to the first structure is that in two of the different 
linear chains are arranged in a herringbone pattern relative to each other, whereas the molecules of 
identical length are arranged side-to-side and form rows due to possible H-bonding perpendicular to 
the molecular chains. Besides molecules with the length of a phenolic trimer as indicated in Figure 
8.3b, also molecules with the length of around 2.45 nm, which is expected to be the phenolic 
pentamer, are seen in this structure. The different molecules when overlaid on the STM images 
agrees well with the STM results, and the suggested models of these two patterns are shown below 
the corresponding STM image in Figure 8.3. 
 
8.2.2 SBS-undecanol solution ultrasonicated up to 1 hour and over 2 hours 
After the SBS-undecanol solution was ultrasonicated for 1h, the chain-like molecules, which 
are marked by the blue ellipse in Figure 8.4a, in the resulting pattern at the LSI were now measured 
to be ~ (3.5 ± 0.1) nm long. The length of this molecular feature is the same as a phenolic heptamer 
(Table 8.1), therefore we suggest this molecule could be the phenolic heptamer. This point means 
that the polymerization of the organic part of SBS into the phenolic resin could be progressing even 
further during the increased time of ultrasonication. It can also be seen that the lamellae of phenolic 
heptamer chains co-adsorb with the very small molecules, which have a size of ~ (0.6 ± 0.1) nm 
(nearly round protrusion marked by the green circle and green arrow in Figure 8.4a) and thus might 
corresponds to salicylic alcohol molecules, which can occur in the SBS-undecanol solution as 
already discussed in connection with Figure 8.3. These small molecules can form H-bonds with the 
phenolic heptamer chains via the ‒OH groups. By increasing the duration of ultrasonication even 
more, STM image showing also longer chains of the phenolic resin can be obtained. For example 
after 2h of ultrasonication, the obtained STM image shown in Figure 8.4b reveals a periodicity of 
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the pattern which would correspond to the self-assembly of 5.3 nm long chains of the phenolic resin. 
Domains with other chains lengths such as hexamer or mixed structures can also be possible. 
 
Figure 8.4 STM constant height images (same scale 10 nm × 10 nm) of SBS at the undecanol/HOPG 
(0001) interface at room temperature after different duration of ultrasonication of the 
solutions: (a) 1 hour (U = 1.3 V, I = 1.2 nA); (b) 2 hours (U = 1.2 V, I = 1.1 nA). The 
suggested phenolic oligomers with different lengths of chain are overlaid on top of each 
image. 
 
8.2.3 Cross-check experiment: self-assembly of salicyl alcohol from solution in undecanol  
 Twin monomer SBS was prepared by Thomas Ebert (Department of Polymer Chemistry, 
TU Chemnitz) according to the literature 1 by using a fluoride-catalyzed transesterification of salicyl 
alcohol (2-hydroxybenzyl alcohol) and tetramethoxysilane (see Figure 8.5). This procedure is an 
equilibrium reversible transition using a chemical catalyst. The SBS twin monomer consists of two 
organic groups each connected to the spiro-center through two inequivalent bridging units. Since 
the two different types of Si-O-C bonds (as asymmetric bridges) can be readily cleaved by acid or 
base catalysis (Figure 8.1), the synthesis reaction of SBS might be reversed. In our experiments, 
SBS was dissolved in undecanol solvent, therefore, the possibility cannot be ruled out that the 
interaction of SBS molecules with undecanol solvent molecules results in cleavage of the Si-O-C 
bonds and the formation of salicyl alcohol as the by-product. Indeed, Enrico Dietzsch from the group 
Chemische Technologie at the TU Chemnitz could find a small of amount of salicyl alcohol in the 
SBS-undecanol solution by measuring high-performance liquid chromatography (HPLC-
chromatograms, see Appendix 8.1) and Gas chromatography–mass spectrometry (GC-MS, see 
Appendix 8.2). Therefore, the small molecules with a size of only ~ (0.6 ± 0.1) nm which we 
discussed previously can likely be identified as salicyl alcohol (see on Table 8.1). The salicyl alcohol 
molecules were created from SBS in the solution and can coadsorb with SBS and phenolic oligomers 
by forming favorable H-bonds. 
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Table 8.1 Name, chemical structure and molecular geometry of SBS and the phenolic 
oligomers with different chain lengths were observed at the LSI of SBS-undecanol 
to HOPG (0001). (The geometry was optimized using the DS View program). 
Phenolic chain 
name 
Chemical structure Molecular geometry Chain 
length (nm) 
Twin monomer 
SBS 
 
 
1.4 
Salicyl alcohol 
  
0.7 
2-methylphenol 
  
0.6 
Phenolic dimer 
 
 
1.1 
Phenolic trimer 
 
 
1.5 
Phenolic tetramer 
  
2.0 
Phenolic 
pentamer   
2.45 
Phenolic hexamer 
  
3.1 
Phenolic 
heptamer   
3.6 
Long chain 
phenolic 
 
 
 
An alternative explanation for the phenolic oligomers but no finding of inorganic networks is 
that the SBS molecules did not twin-polymerize but instead the small amount of salicyl alcohol 
molecules that was created from cleaving SBS in undecanol might form radicals under 
ultrasonication and oligomerize. No silica network would be formed in this case. Because the 
polymerization of salicyl alcohol is a radical polymerization, the reaction rate and length of the 
chains would be influenced by the duration and intensity of the ultrasonicaton 9, as it was observed 
in our STM results. Because of this, we studied the self-assembly of salicyl alcohol in undecanol 
and its possible reaction under ultrasound in order to compare the self-assembled structure to the 
structures observed from the SBS-undecanol solution on HOPG. Salicyl alcohol (purity 98%) was 
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provided by the Department of Polymer Chemistry, Institute of Chemistry, TU-Chemnitz. 
 
Figure 8.5 Schematic illustration of synthesizing twin monomer SBS process from salicyl alcohol 
and tetramethoxysilance. The schematic was built up based on the supporting 
information of reference 1. 
 
Figure 8.6 Cross-check experiment: (a) STM constant-height image of salicyl alcohol at 
undecanol/HOPG (0001) interface (U = 1.2 V, I = 1.2 nA, 10 nm× 10 nm); (b) Zoom-
in of this structure (4.5 nm × 6.5 nm) with corresponding salicyl alcohol molecules 
overlaid. The suggested model of the salicyl dimer structure is shown below. 
Self-assembly of salicyl alcohol at the undecanol/HOPG interface results in a linear pattern 
consisting of an arrangement of dimers of salicyl alcohol molecules (Figure 8.6a). Within the dimer 
of salicyl alcohol, the molecules are linked via H‒bonding. Neighboring dimers can also interact by 
H‒bonding along one direction leading to rows in the structure, whereby the molecules in adjacent 
rows interact only via van der Waals interactions as shown in the model (Figure 8.6b). There are no 
undecanol solvent molecules observed to co-adsorb in this self-assembled structure. The lattice 
parameters for the salicyl alcohol monolayer are A = (0.8 ± 0.1) nm, B = (2.3 ± 0.1) nm and the 
angle α = 82° for the vectors of the unit cell, which are clearly different from the corresponding unit 
cell parameters of the SBS/undecanol SAMNs ((0.6 ± 0.1) nm, (3.0 ± 0.1) nm, and 86°, respectively). 
Also, the appearance of the self-assembled structure of salicylic alcohol in undecanol/HOPG (0001) 
that was found by STM (Figure 8.6) is completely different from the patterns found for SBS-
undecanol on HOPG (Figures 8.2, 8.3, and 8.4). After the salicyl alcohol/undecanol solution was 
ultrasonicated, no change in the adsorbate pattern and so far no indications for an oligomerization 
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of salicyl alcohol were found in STM. However, we cannot absolutely exclude the possibility that a 
small amount of salicyl alcohol molecules was created from SBS in the solution and reacted to the 
phenolic oligomers which dominantly adsorb and form the monolayer and are therefore seen 
dominantly in our STM results.  
8.3 SBS deposited from solution in undecanol at varied deposition temperature of the substrate 
 
Figure 8.7  STM constant height images of identical scale (8 nm × 8 nm; U = 1.3 V; I = 1.0 nA) of 
the different patterns of SBS molecules and oligomer chains prepared from a SBS‒
undecanol solution in the indicated ranges of substrate temperature during deposition. 
The temperature during sample preparation was varied in steps of 10°C with STM 
images collected for each temperature. STM images overlaid with the models of 
different kinds of phenolic oligomers at the top and the model of the self-assembled 
pattern below the corresponding image. 𝐴 and ?⃗⃗? are the two vectors of the unit cell. 
Following the previous investigation on the effect of ultrasonication of the solution on the 
self-assembly of SBS twin monomer molecules, experiments were set up to control of the progress 
of the polymerization reaction by changing the substrate temperature during the deposition from the 
solution and the monitoring of the oligomerization of SBS monomer molecules was done by using 
the high resolution of STM. These investigations are very important to connect the STM results to 
previous studies where heating was used to perform the twin polymerization of SBS. 1, 10 The STM 
results for the increased temperature during the deposition out of the solution are summarized in 
Figure 8.7. In the range from room temperature to circa 50°C during deposition (Figure 8.7a), the 
coadsorption of SBS and undecanol molecules as discussed already previously in section 8.1 was 
found by STM. At a deposition temperature of 65°C, undecanol does not coadsorb anymore but 
instead oligomerization of SBS started and a self-assembled structure consisting of rows of small 
molecular chains with the length of phenolic dimers and trimers was observed (Figure 8.7b). At a 
deposition temperature of 75°C, we observed for example that the phenolic dimers and phenolic 
tetramers coadsorb on the graphite HOPG (0001) as seen in Figure 8.7c. The adsorbate pattern 
observed in STM is not always periodic but sometimes also seemingly random sequences of 
lammellae of phenolic chains of different length can be found. If the deposition temperature is 
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further increased, the length of the phenolic chains that were formed also increases slowly similar 
to the trend found for increasing ultrasonication time. Notably, even a substrate temperature of 85°C 
during deposition is not enough to finish the polymerization of SBS and form the dense phenolic 
resin (Figure 8.7d). The reaction still only proceeded until early steps after which the oligomerized 
organic parts likely separated from possibly formed inorganic oligomers, diffused, and self-
assembled at the LSI. 
8.4 Discussion and open questions 
The self-assembly and the initiation and control of the reaction of the twin monomer 2,2’-
spirobi [4H-1,3,2-benzo-dioxasiline] (SBS) was investigated by STM at the SBS-undecanol 
solution/graphite (HOPG) interface and was influenced by either ultrasonicating the solution of SBS 
in undecanol for different durations or by increasing the temperature of the pre-heated before 
deposition substrate. The results of the oligomerization could be observed in the various periodic 
self-assembled pattterns of phenolic dimer, trimer, pentamer, and so on. This is a first step towards 
the understanding of the reaction conditions of the polymerization, especially oligomerization of 
SBS at the LSI. In this chapter, we tried to explain our STM results and to understand about this 
interesting phenomenon, but nevertheless there are still a lot of open questions. 
One obvious question when studying twin-polymerization is of course where the inorganic 
network is in our experiments. Both network formation reactions of the organic and inorganic 
polymer are closely coupled and it was shown in quantum chemical calculations of the twin 
polymerization 1 that the phenolic resin rapidly formed via successive electrophilic substitutions 
whereas the silica phase is formed much slower due to higher activation energies of the 
corresponding reactions. The formation of the phenolic resin is kinetically and thermodynamically 
favored at any point during the reaction compared to the siloxane bridge formation which prevents 
a phase separation of the organic and inorganic components before the phenolic polymer network is 
formed. This fast formation of the dense organic network and a slow formation of the inorganic 
network are key ingredients of the twin-polymerization processes. 11 Otherwise, the strong 
incompatibility of the organic and inorganic components can cause the formation of isolated 
inorganic domains instead of an interconnected, nano-structured hybrid polymer. 11 
In our STM results only organic domains could be observed and the silica network was not 
intermixed with the phenolic resin. This discrepancy could be because no catalyst was used and the 
reaction was initiated only by ultrasound or increased substrate temperature which could have an 
influence on the rates of the possible reactions in the polymerization of each component and 
therefore result in a phase separation of the organic and inorganic parts. Furthermore, only the first 
step, the oligomerization into short phenolic chains was found, which means that the twin 
polymerization reaction was aborted and the dense organic network could not yet be completely 
formed. Consequently, the incompatible short organic and inorganic components could 
subsequently separate and an interconnected hybrid network could not be formed and deposited on 
the surface. If small inorganic networks were also already formed in solution (although the reaction 
rates are much lower than those of the phenolic resin) then they might precipitate. Therefore, they 
Phenolic-tetramer and phenolic-dimer coadsorption 
Self-assembly and reaction of SBS  
‒ 108 ‒ 
would not be in the droplet that is deposited on the surface, or they are also deposited but in separate 
domains. Because silicon dioxide is an insulator, over the silica domains on the surface the tip might 
not be stable and, thus, they could not be observed using STM. Another possible explanation that 
was already mentioned in section 8.2.3, is that few SBS molecules reacted in undecanol to salicyl 
alcohol. During ultrasonication, radicals are created and the salicyl alcohol molecules might start to 
polymerize into phenolic chains. Because this process is not a twin-polymerization, also no silica 
network would be formed at the same time. However so far, this explanation could not be proven 
by the cross-check experiment.  
Another important open question is if the reaction occurred in the SBS/undecanol solution or 
directly at the LSI. If the polymerization would be initiated in the solution by radicals produced by 
ultrasound, then likely the reaction rates were too low and only oligomerization into short phenolic 
chains could be achieved during the time of ultrasonication. The phenolic chains which were created 
can then be deposited on the graphite surface. There they self-assembled into linear patterns whereby 
the different phenolic chain lengths are ordered into rows. In this sense, the STM works as a tool to 
selectively analyze the resulting chain lengths of the organic component that were created in the 
solution during ultrasonication. However, it should be noted that the twin polymerization that is 
studied here is in general not a radical polymerization and even adding a radical starter should not 
polymerize SBS. A control experiment was also carried out by Thomas Ebert (Department of 
Polymer Chemistry, TU Chemnitz), which using even ultrasound with high power density a long 
reaction period did not show the twin-polymerization of SBS in the solution. Therefore, the 
explanation that the oligomers are formed by twin-polymerization from SBS right in the solution 
seems unlikely. 
In the case of elevated substrate temperature during the deposition of the solution of SBS in 
undecanol, oligomerization into short phenolic chains was also observed, however again only 
domains of the organic component and no intermixing with a silica network could be found. Here, 
the reaction likely occurred directly on the graphite surface or in the liquid layer close to it. Thereby, 
the substrate temperatures used for this study were still clearly below the temperatures that are 
typically necessary to achieve twin polymerization of SBS. Therefore, the reactions rates were very 
low and even the polymerization of the organic network, which is much faster than for the silica 
network 1, could not be completed. Again, the phenolic chains are then selectively ordered by length 
at the LSI and our STM results reflect the progress of the polymerization reaction for the different 
substrate temperatures.  
Another possibility is that the polymerization is mainly initiated for both the preparations 
using ultrasonication and increased substrate temperature by a significantly increased concentration 
of SBS molecules at the LSI, similar to the results presented and discussed in the previous chapters 
(chapters 4, 5 and 6). Because the graphite surface restricts the movement of the adsorbed molecules 
in two dimension, collisions of molecules can occur often at high concentrations, which might 
initiate reactions of the molecules. In this case, the ring-opening and subsequent coupling of SBS 
molecules at the LSI would likely be very different compared to the typically proton catalyzed twin-
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polymerization in solution, and consequently the organic and inorganic phases could separate, and 
a hybrid polymer network was not formed at the LSI. In conclusion if the effect of ultrasound and 
the effect of heat are compared, then there are indications that the HOPG surface plays are significant 
role in the reaction but no conclusive answer to the question where the reaction occurs can be given 
at this point. 
At the present stage, not all parameters affecting the molecular self-assembly or the 
oligomerization are fully understood, and probably other factors still deserve a detailed study. The 
many open questions which still remain might only be solved by different additional experiments. 
Nevertheless, our results can inspire and support the future research about the reaction conditions to 
understand, create, and design novel organic-inorganic hybrid frameworks. 
Appendix 
 
Appendix 8.1: High-performance liquid chromatography (HPLC) spectra of: (a) pure undecanol 
solvent named "Undecanol-0h"; (b) (c) (d): SBS-undecanol solutions without 
ultrasonication named "SBS-U-0h", after 30 minutes ultrasonication named "SBS-U-
0.5h", and after 1 hour ultrasonication named "SBS-U-1h", respective. The 
ultrasonicated SBS-solutions show the trace of containing of salicyl alcohol. The 
measurement procedure was as follows: after dilution 1:10 with acetonitrile the 
separation was done on a conventional reverse phase C18 column at a flow rate of 1 
ml/min and a gradient from 15% to 90% acetonitrile (balance water). The detection of 
the eluting components was at 254 nm. The peaks in HPLC spectrums around 10 to 15 
minutes may be caused from salicyl alcohol and its derivatives. The measurements 
were performed on a HPLC equipment (KNAUER Smartline) using a reversed-phase 
XDBC18 column (250 mm  4.6 mm ID, 5 micron particle) by Dr. Enrico Dietzsch 
from the group Chemische Technologie at the TU-Chemnitz. 
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Appendix 8.2: Gas chromatography–mass spectrometry (GC-MS) spectra of SBS-undecanol 
solutions after 30 minutes ultrasonication. The ultrasonicated SBS-solutions show the 
trace of containing of salicyl alcohol. The measurements were performed on a GCMS 
equipment (SHIMADZU GC17A-QP5000) by Dr. Enrico Dietzsch from the group 
Chemische Technologie at the TU-Chemnitz. 
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CHAPTER 9: SUMMARY AND OUTLOOK 
 
The adsorption and self-assembly of organic molecules on surfaces into well-defined, 
structurally organized monolayers can show fascinating characteristics and properties and is, 
therefore, of great interest for both possible applications and the study of fundamental physical 
interactions. Specially, the self-assembly mediated by hydrogen bonding yields many interesting 
supramolecular structures. The primary focus of this work is to elucidate different parameters which 
influence the process of self-assembly of organic molecules at the liquid-solid interface (LSI), such 
as: the substrate temperature during the initial deposition, the concentration of dissolved molecules 
in the solution, the chemical nature of both solutes and solvents, or all kind of mutual molecular 
interactions. This amount of parameters allows in a high degree the control of the molecular 
arrangement and packing density, which enables the tuning and design of monolayers with a 
specified structure. Various examples of molecular self-assembly investigated by scanning tunneling 
microscopy (STM) are presented and explained in this thesis. All molecules investigated here are 
physisorbed on a layered crystalline substrate, namely highly oriented pyrolytic graphite (HOPG).  
The first part of this thesis gives an overview about this field of research, the prospect of 
nanotechnology, as well as advantages of self-assembly adsorption of organic material on surfaces, 
for which the STM has proven to be a suitable instrument for imaging and characterization. A brief 
introduction to the employed experimental techniques followed: the general principle of the STM 
with special emphasis on STM working at the LSI, which explains some of the important features 
of STM and helps to understand the contrast of the STM images. Furthermore, the important 
properties of the solutes and solvents used in this work, the interactions between them which could 
affect their self-assemblies at the LSI, relevant basics of kinetics and thermodynamics, the controlled 
parameters of the experimental conditions (deposition temperature, concentration, chemical nature 
of solutes and solvents), and the methods to prepare the samples and set up experiments were 
explained.   
The first subject of this thesis is the systematic investigation of the effect of the substrate 
temperature during the deposition out of the solution on the self-assembly of complex molecular 
architectures at the LSI. The polymorphism of self-assembly of the planar molecule trimesic acid 
(1,3,5‒C6H3(COOH)3, TMA) at the LSI to graphite was investigated for different temperatures of 
the pre-heated substrate during the initial deposition and by using also various solvents with different 
polarities. TMA was dissolved in the non-polar solvent phenyloctane, the medium polar solvent 
octanoic acid, and the strong polar solvent undecanol. At the elevated substrate temperatures, various 
periodic assemblies of TMA could be obtained. In the almost completely non-polar phenyloctane, 
the interaction with the TMA molecules is weak, therefore phenyloctane does not interfere by 
coadsorption leading to an adsorbate structure comprised only of TMA. The solvation enthalpy is 
readily traded for the much lower adsorption enthalpy, and thus the gain in Gibbs energy is high if 
TMA molecules adsorb at the interface to graphite and interact with each other. Consequently, H‒
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bonded networks of TMA with high packing density (zigzag dimer chain, chicken-wire, filled-
flower structures) are formed depending on the elevated deposition temperature. The specific 
supramolecular structure changes with increasing substrate temperature during deposition, and 
therefore may be tuned precisely. The solvent octanoic acid, a moderately polar acid with a –COOH 
functional group, can form H‒bonds to TMA comparable in strength to the TMA–TMA H-bonding. 
However, the minimization of the Gibbs energy of the complete surface−liquid system still favors 
the formation of the series of only TMA‒networks (chicken-wire, filled chicken-wire, flower and 
filled-flower structures) at different elevated substrate temperature during deposition, although the 
solubility of TMA in octanoic acid is higher than in phenyloctane. Undecanol, the most polar of the 
solvents used, can easily connect with its –OH functional group to a C=O acceptor group of a TMA 
molecule and form strong H-bonds. Hence, undecanol preferably coadsorbs together with TMA at 
the interface to graphite. Depending on the TMA–solvent interaction, already different adsorbate 
structures are formed at room temperature, which can be further tuned by changing the substrate 
temperature during the sample preparation, and at high deposition temperature also a pure TMA 
structure with high packing density was found. Moreover, the formation of TMA‒undecyl ester was 
found after heating to 60°C during the deposition of TMA-undecanol solution. One explanation for 
this esterification reaction could be the increased heat and the confinement of the molecules at the 
interface. 
The second subject was to estimate the influence of concentration on the self-assembly of 
TMA molecules deposited from different kinds of solvents at the LSI. For this, additional 
experiments were set-up where the concentration of the solution was controlled by stirring (from 0 
h to 40 h). The absolute value of the concentration after stirring was determined by UV‒vis 
spectroscopy. Stirring is a method to increase the concentration of a solution that is much gentler 
than ultrasonication and to be expected without side effects. The trend of the changes in the self-
assembled structures as well as the tuning of the packing density is found to be nearly the same for 
the different preparation methods of increasing the deposition temperature or stirring. Therefore, it 
can be concluded that the changes observed for increasing deposition temperature are also due to an 
effect of increased concentration due to an increased evaporation rate of the solvent at increased 
temperature. The influence of temperature on the kinetics of self-assembly during the initial 
formation of the adsorbate layer at the interface by increasing the mobility of the solute molecules 
does not result in a new adsorption pattern for the investigated systems, however the transformation 
of the filled chicken-wire into the flower and filled flower structure in TMA-octanoic acid solution 
at HOPG appears to occur more abruptly by increasing the deposition temperature, whereas for the 
preparation by stirring the different structures occur in parallel for large intervals of stirring 
durations. 
           The next subject was to study the influence of the planarity of the functional groups for H-
bonding of the molecules on the self-assembly. The molecule benzene-1,3,5-triphosphonic acid 
(1,3,5-C6H3(PO3H2)3, BTP) is the non-planar phosphonic acid‒analogue of the planar TMA 
molecule.  The adsorption pattern of BTP as obtained from a solution in undecanol at the interface 
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to HOPG was studied for increasing substrate temperature during the deposition. Because the three 
prepapration approaches of stirring, ultrasonication and deposition temperature were found for TMA 
to be nearly equivalent, it was justified to focus for BTP only on varying the deposition temperature. 
STM images reveal that the BTP molecules form various structures usually by co-adsorption with 
undecanol and that the BTP molecules as parts of self-assembled aggregates adsorb with their 
benzene ring planes tilted with respect to the substrate plane. With increasing deposition 
temperature, the structure of the monolayer is sequentially transformed from coadsorption patterns 
of BTP‒undecanol with increasing packing density of BTP to a structure consisting solely of BTP 
molecules. Semi‒empirical optimization of the observed structures shows that the interactions of the 
functional groups to form H‒bond between BTP and undecanol, and between BTP molecules are 
flexible and diverse. Because of the three non‒planar phosphonic acid groups of BTP, the H-bonding 
is not limited to two dimensions as it has been in the case of carboxylic acid groups in TMA. A next 
step could be also to study the growth of a second layer of BTP or other molecules which can form 
H-bonds to the first layer of BTP. In conclusion, structural polymorphs of H-bonded networks of 
different solutes formed at the LSI can be controlled by heating the substrate during the deposition 
of the solute molecules from the solution and by choosing the right polarity of the solvent. 
In the research presented in this thesis, the undecanol solvent molecule is always co-adsorbed 
with the solutes to form linear patterns. Therefore, the influence of the substrate temperature during 
deposition on the self-assembly of only the undecanol molecules in the pure liquid at the interface 
was also checked to validate the results. Two distinct types of structural ordering of the adsorbed 
monolayer of undecanol (herring bone structure and parallel structure), which maximize the van der 
Waals interactions of the molecules with the substrate and between the molecules, as well as the H-
bonding which increases the stability of the monolayer, were observed when the undecanol 
molecules physisorb on the HOPG surface at a different deposition temperature. 
The final subject of this thesis is the self-assembly and the initiation and control of the reaction 
of the twin monomer 2,2’-spirobi [4H-1,3,2-benzo-dioxasiline] (SBS) investigated by STM at the 
SBS-undecanol solution/graphite (HOPG) interface as a first step to study elementary steps of twin 
polymerization by microscopic imaging in real space. The self-assembled pattern as well as the 
degree of oligomerization could be influenced by both ultra-sonication of the solution and by 
increasing the substrate temperature during the deposition. By ultrasonicating the solution of SBS 
in undecanol for different durations, the oligomerization of the SBS monomer without any catalyst 
has been observed at the undecanol/HOPG interface in the form of regular patterns of extended 
linear periodic oligomer chains. Also by increasing the temperature of the pre-heated substrate, 
various periodic assemblies of phenolic dimer, trimer, pentamer, and so on could be observed. This 
may be a first step towards the understanding of the reaction conditions of the oligomerization at the 
LSI by adjusting the enviromental conditions. However, at the present stage, not all parameters 
affecting molecular self-assembly or the oligomerization are fully understood, and probably other 
factors still deserve a detailed study. Especially also many open questions remain about the inorganic 
polymer which should be formed in the twin polymerization reaction, such as why it could not be 
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found in the monolayer by using STM. Nevertheless, the results obtained here can inspire and 
support the future research about the reaction conditions to create and design novel organic-
inorganic hybrid frameworks. 
To summarize the present work, the possibility of control over the self-assembly of nanoscale 
molecular patterns has been shown. Our results demonstrate simple and powerful preparation 
methods to achieve the supra-molecular structure of the monolayer that is desired, such as: 
increasing the substrate temperature during deposition, changing the concentration of dissolved 
molecules by stirring, as well as choosing the fitting solvent and modifying the chemical nature of 
the solute. We belief our new findings are very valuable for the thorough understanding of the effect 
of ambient conditions on the complex mechanisms of adsorption and self-assembly of molecules at 
the LSI. Future investigations could include the study of the polymorphisms of TMA and BTP 
depending on the substrate temperature not only during deposition but also during measurement at 
this elevated temperature. Furthermore, experiments could be carried out to keep the concentration 
of the solution on the substrate constant during heating. In comparison with our results presented in 
this work, this would help to clearly distinguish between effects of increased heat and concentration. 
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